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FOREWORD 

This  kjeeting  was  intended  to  provide  a  collaborative  up-da  tin?  of  research  information 
on  the  aerodynamics  of  the  stall  at  both  low  and  high  speedsCto  discuss  this  information 
in  relation  to  practical  problems  of  designing  and  operating  combat  aircraft  and  transport 
aircraft:  to  identify  gaps  in  the  knowledge  and  understanding  of  the  problems  involved,  and 
make  recommendations  for  future  research  in  the  fluid  dynamics  field.  The  meeting 
comprised  twenty  two  papers,  for  three  of  which  there  were  prepared  discussions. 

Recent  work  on  the  mechanics  of  flow  separation  was  presented.  A  major  subject 
area  was  that-of-  the  high  lift  performance  and  stalling  behaviour  of  three-dimensional  wings, 
including  die  influence  of  sweepback,  the  behaviour  of  high  lift  devices  and  the  techniques 
and  methods  evolved  for  wind  tunnel  research.  Flight  development  experience  on  recent 
combat  and  transport  aircraft  was  described,  and  some  papers  concerned  post-stall 
behaviour  and  the  important  problem  of  high  speed  buffet  in  relation  to  the  manoeuvring 
of  combat  aircraft. 


Host  to  the  Fluid  Dynamics  Panel  and  all  participants  in  the  Meeting  was  the  Portuguese 
National  Delegate  to  AGARD,  Brig.  General  Eng.  Aero.  J.  de  Sousa  Oiiviera.  The  Panel 
wishes  to  express  its  thanks  for  this  invitation  to  hold  the  Meeting  in  Lisbon,  and  for  the 
provision  of  the  necessary  facilities  and  personnel  which  made  the  Meeting  possible. 
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TECHNICAL  EVALUATION  REPORT 


by 

Dr  R.C.Pankhurst 

*\o.  J  Aircraft  Establishment,  Teddington,  U.K. 


1.  BACKGROUND,  FORM  AND  SCOPE  OF  THE  MEETING 

Airciaft  stalling  characteristics  at  take-off  and  landing  have  always  been  of  vital  concern  to  aircraft  design. 
Nowadays,  however,  the  importance  of  high-incidence  characteristics  is  no  longer  restricted  to  low  speeds,  since 
fightei  aircraft  engage  in  high-incidence  manoevres  at  high  Mach  numbers,  and  high-speed  transport  aircraft  reach 
high-incidence  conditions  in  cruise  when  they  encounter  a  gust.  Further,  novel  considerations  have  arisen  from  the 
practical  application  of  high-lift  devices  to  current  projects  for  aircraft  with  reduced  landing  and  take-off  runs:  re¬ 
newed  impetus  has  been  given  to  the  study  of  multi-element  wings,  for  example,  and  indeed  it  is  only  very  recently 
that  their  fluid-dynamic  processes  have  been  studied  in  depth.  Whilst  inertial  properties  and  pilot  handling  play 
essential  parts  in  determining  stalling  and  post-stall  behaviour,  aerodynamics  fills  the  key  role  in  the  task  of  en¬ 
suring  the  success  of  any  new  project;  and  it  is  certainly  to  the  aerodynamicist  that  the  designer  is  likely  to  turn 
first  for  remedial  modifications  to  a  design  that  falls  short  of  its  target  specification. 

This  meeting  was  therefore  concerned  with  the  aerodynamics  of  the  aircraft  stall  at  both  low  speeds  and  high, 
with  particular  reference  to  the  design  and  operation  of  combat  and  transport  aircraft,  including  buffet  penetration 
and  post-stall  behaviour.  Major  subject  areas  concerned  flight  experience,  flight  testing,  wind-tunnel  measurements 
and  theoretical  prediction  methods,  including  the  effects  of  three-dimensional  flow,  the  influence  of  sweepback  and 
the  design  and  performance  of  high-lift  devices.  Consideration  of  special  types  of  V/STOL  aircraft  were  excluded, 
however,  apart  from  occasional  excursions  such  as  the  paper16  on  transport  aircraft  with  externally  blown  flaps. 

Although  flight  aspects  were  discussed  as  well  as  fluid  dynamics  per  se,  this  was  not  a  joint  meeting  with  the 
Flight  Mechanics  Panel;  st:ll  less  was  it  allowed  to  become  consecutive  sessions  devoted  to  the  two  topics.  The 
framework  that  the  Programme  Committee  had  constructed  for  the  meeting  consisted  of  three  papers,  each  followed 
by  prepared  comment  from  an  invited  speaker  and  then  by  other  papers  and  discussion  in  the  area  concerned,  devoted 
respectively  to  the  general  role  of  fluid  dynamics  in  the  overall  context  of  aircraft  stalling  and  post-stall  behaviour1 , 
the  aerodynamics  of  high-lift  aerofoils  fitted  with  slats,  slots  and  flaps10,  and  design  considerations  and  flight  test 
procedures  lor  aircraft  at  high  angles  of  incidence25 .  This  framework  made  it  possible  to  set  fluid  dynamics  aspects 
and  flight  experience  side  by  side  so  as  to  help  determine  the  directions  that  might  most  profitably  be  taken  by 
further  work. 

The  achieve  ents  and  shortcomings  of  the  meeting  are  assessed  in  Section  2  of  this  report,  and  Conclusions  are 
drawn  in  Section  7.  Section  3  describes  briefly  the  broad  technical  perspective  of  the  subject,  whilst  Sections  4  to  6 
are  concerned  with  detail.  A  list  of  the  papers  presented  follows  Section  7. 


2.  ASSESSMENT  OF  ACHIEVEMENTS  AND  SHORTCOMINGS 

The  juxtaposition  of  the  sessions  on  flight  behaviour,  on  practical  aerodynamics  and  on  basic  fluid  dynamics 
must  certainly  have  impressed  several  important  considerations  on  those  concerned  with  the  fundamentals  of  the 
subject,  particularly  the  great  importance  of  always  relating  the  study  of  fluid  mechanical  processes  to  aircraft  flight 
behaviour.  This  applies  perhaps  particularly  to  the  recognition  of  successive  stages  that  can  be  passed  through  from 
the  conditions  of  cruising  flight  at  low  angles  of  incidence  to  those  obtaining  at  and  beyond  the  point  of  departure 
from  controlled  flight.  Striking  examples  for  two  aircraft  were  included  in  Paper  25.  one  of  these  formed  the  basis 
of  the  illustrative  sketch  shown  in  FJgure  1  of  this  evaluation  report.  All  the  stages  are  distinguishable  in  terms  of 
differences  in  flight  behaviour  (cf  Section  6.1).  Increased  appreciation  of  these  successive  flight  regimes,  together 
with  the  ability  to  correlate  them  closely  with  their  corresponding  flow  patterns,  would  help  those  engaged  in  aero¬ 
dynamics  research  to  increase  the  relevance  of  their  work,  particularly  as  some  of  the  contributions  on  basic  aspects 
seemed  rather  far  from  making  an  impact  on  practical  problems  of  aircraft  design  and  operation. 

Several  of  the  papers  on  applied  research  described  important  advances  a,id  presented  valuable  results  (including 
some  definitive  data)  on  realistic  geometrical  configurations,  and  most  of  the  papers  on  flight  experience  were  of 
interest  in  their  own  right  as  well  as  in  respect  of  the  fluid  dynamic  processes  underlying  the  observe^  flight  behaviour. 

The  Round  Table  Discussion  at  the  close  of  the  meeting,  however,  proved  to  be  rather  less  productive  than  had 
been  hoped,  at  least  as  far  as  the  emergence  of  cleai-cut  directives  lor  future  work  was  concerned.  For  this  reason, 
the  conclusions  drawn  in  Section  7  are  necessarily  the  personal  interpretation  of  the  author  of  this  Tv  clinical 
Evaluatior  Report.  They  are,  however,  believed  to  represent  fairly  the  consensus  of  opinion  as  far  as  this  was 
expressed  at  the  meeting. 


3.  iHE  BROAD  TECHNICAL  PERSPECTIVE 


The  continuing  need  for  spin/stall  research,  and  for  exhaustive  wisg-tunnel  investigations  prior  to  flight  test 
development,  has  been  underlined  by  aircraft  accident  statistics13  in  terns  of  loss  of  life  and  capital  investment,  for 
both  civil  and  military  aeroplanes.  The  vest  number  of  small  propeller-cLiven  aircraft  constitutes  a  significant 
proportion  of  the  total  field. 

Early  during  the  course  of  the  meeting  it  became  clear  that,  in  the  absence  of  generally  agreed  usage,  such  terms 
as  ‘stalling’,  ‘flow  separation’  and  ‘buffet  onset’  need  to  be  defined  whenever  they  are  introduced.  On  the  other 
hand,  there  is  little  ambiguity  in  the  terms  used  to  describe  phenomena  that  mark  the  ultimate  bound  of  the  term 
‘departure’  to  denote  loss  of  control,  characterised  by  divergent  uncommanded  aircraft  motion  of  large  amplitude 
(such  as  pitch  up,  nose  slice  or  snap  roll).  Also  early  in  the  meeting,  a  large  number  of  problem  areas  and  research 
requirements  were  indicated  in  general  terms' ,  particularly  the  following:  further  depth-studies  of  multiple-element 
wings,  including  the  complex  interaction  that  occurs  between  the  wake  shed  by  an  upstream  element,  the  flow  through 
the  gap  between  successive  elements,  and  the  newly  developing  boundary  layer  on  the  downstream  element;  the 
prediction  of  wing  characteristics  in  separated  flow,  and  beyond  maximum  lift,  and  not  just  the  incidence  at  which 
separation  occurs;  the  role  of  Reynolds  number  in  separated-flow  conditions;  dynamic  effects  due  to  rate  of  change 
of  incidence;  study  of  the  downwash  field  in  the  presence  of  slats  and  flaps  after  flow  breakdown  has  occurred,  with 
special  reference  to  conditions  at  the  tailplane;  ground  effect,  and  slipstream  effects,  in  separated-flow  conditions; 
wind-tunnel  methods  for  studying  and  predicting  buffet  onset  and  growth;  and  tunnel  interference  and  constraint 
effects  in  separated-flow  conditions.  A  number  of  these  problem  areas  and  research  requirements  were  brought  into 
focus  later  in  the  meeting. 

Subsequent  sections  of  this  Report  discuss  in  turn  basic  fluid  dynamics  and  wind-tunnel  techniques  (Section  4), 
the  aerodynamics  of  high-lift  wings  (Section  5),  and  flight  experience  (Section  6).  An  attempt  is  made  to  draw  broad 
conclusions  from  the  meeting  in  Section  7. 


4.  BASIC  FLUID  DYNAMICS,  AND  WIND-TUNNEL  TECHNIQUES 

A  common  feature  of  many  flow  patterns  at  the  stall  is  the  occurence  of  laminar  separation  followed  by  re¬ 
attachment  (usually  after  transition  in  the  free  shear  layer  and  at  least  with  the  flow  at  reattachment  highly  disturb¬ 
ed3);  subsequent  separation  then  takes  place  towards  the  trailing  edge.  Valuable  studies  (such  as  those  of  Papers  2 
and  3)  have  been  made  in  two-dimensional  flow.  They  need  to  be  extended  to  higher  Reynolds  numbers,  however, 
and  to  include  detailed  examination  of  conditions  at  re-attachment  and  of  the  subsequent  development  of  the  flow 
downstream.  The  effects  of  stream  turbulence  also  warrant  study:  practical  engineering  applications  include  the 
cascade  rows  of  turbomachinery  as  well  as  aircraft  wings  at  high  incidence. 

In  the  theoretical  treatment,  the  use  of  the  boundary-layer  equations  in  the  presence  of  separation  (see  also 
Paper  5)  can  only  be  justified  as  an  engineering  approximation,  since  they  are  parabolic  in  form  whereas  the  velocity 
field  in  regions  of  flow  separation  need  to  be  described  by  equations  that  are  elliptic.  As  Prof  Domingos  pointed  out, 
since  the  boundary-layer  equations  are  themselves  a  simplification  of  elliptic  equations,  the  whole  field  can  be  des¬ 
cribed  in  these  terms;  alternatively  the  region  of  attached  flow  can  be  described  by  the  boundary-layer  approximation 
and  the  separated  region  by  elliptic  equations,  the  whole  problem  being  solved  by  iteration. 

More  data  are  needed  on  the  transport  properties  of  turbulent  boundary-layers? ,  together  with  further  improved 
mathematical  models.  This  applies  especially  to  three-dimensional  flow,  and  here  further  complications  arise  from 
structural  requirements  imposed  by  engineering  considerations  (such  as  flap  support  brackets). 

Whilst  three-dimensional  effects  dominate  the  development  of  the  stall  on  a  wing  of  finite  aspect  ratio,  valuable 
pointers  can  still  be  obtained  from  two-dimensional  aerofoil  characteristics1,7’8-  at  least  when  the  stall  is  of  the  trail.ng- 
edge  type".  Boundary-layer  -ontrol  applied  to  the  wind-tunnel  wall  makes  possible  a  closer  approach  to  two- 
dimensional  flow  in  high-lift  conditions;8  at  the  same  time  it  is  well  known  that  quite  small  degrees  of  spanwise  flow 
can  produce  marked  departures  from  how  the  boundary  layer  and  overall  flow  pattern  would  have  developed  in  truly 
two-dimensional  conditions. 

More  work  needs  to  be  done  on  tunnel  interference,  particularly  very  close  to  M  =  1,  on  support  interference  and 
on  proper  model-scale  representation  of  the  engine.  Reassuring  evidence  of  the  validity  of  available  separated-flow 
blockage  corrections  has  been  obtained9. 

5.  AERODYNAMICS  OF  HIGH-LIFT  WINGS 

The  paper  by  A.M  0.  Smith10  represents  a  considerable  advance  in  our  understanding  of  the  flow  mechanisms  of 
slats,  slots  and  flaps.  The  use  of  so-called  ‘canonical’  pressure  distributions  leads  to  important  practical  conclusions 
about  the  occurence  of  separation  and  means  for  preventing  separation  and  attaining  high  lift,  such  as  ‘dumping  the 
flow’  at  high  trailing-edge  velocities.  The  paper  also  distinguishes  four  further  features  in  the  flow  mechanism  of 
multiple-element  aerofoils,  namely  (a)  slat  circulation  (which  reduces  the  velocity  peak  gn  the  main  part  of  the 


vii 


aerofoil),  (b)  circulation  effect  (increase  in  lift  on  a  forward  element  because  of  the  upwash  induced  at  its  trailing 
edge  by  the  element  next  downstream),  (c)  off-the-surface  pressure  recovery  (a  more  effective  method  than  for  a 
boundary  layer  on  the  surface),  and  (d)  fresh-boundary-layer  effect  (leading  to  a  greater  ability  to  surmount  adverse 
pressure  gradients  further  aft).  There  is  also  !0a  an  adverse  rnviscid-llow  effect  due  to  the  non-uniform  stream  to 
which  a  flap  is  exposed  because  of  the  wake  shed  by  the  main  aerofoil  immediately  upstream,  although  it;  magni¬ 
tude  remains  to  be  determined.  Of  the  areas  needing  further  study,  perhaps  the  most  important  to  aeroplane  design 
are  the  development  of  inverse  methods  (i.e.  design  procedures)  for  multiple-element  aerofoils  and  extensions  to 
three-dimensional  flow,  for  which  different  compressibility  factors  are  needed  for  the  several  terms  involved:  a  single 
‘overall’  factor  is  unlikely  to  suffice.  Meanwhile  a  simplified  mathematical  model  for  two-dimensional  aerofoils  with 
short  separation  bubbles  has  also  been  described12  and  is  being  developed  furthci.  Elsewhere  methods  are  also  being 
developed  for  calculating  flows  with  shock  waves,  in  both  two-dimensional  and  three-dimensional  conditions. 

In  complex  practical  situations  with  wings  of  finite  aspect  ratio  at  high  incidence  with  high-lift  devices  deployed, 
however,  wind-tunnel  testing  will  still  be  needed,  both  for  final  checks  and  for  obtaining  exploratory  data  so  as  to 
effect  economics  in  the  subsequent  development  phase.  One  of  the  conclusions  of  Paper  11,  for  instance,  was  that 
wakes  shed  by  slat  brackets  on  the  upper  surface  of  a  swept  wing  could  trigger  flow  separation  and  thus  change  the 
stall  pattern  and  the  maximum  lift  coefficient.  In  model-scale  testing  at  reduced  P.cynolds  numbers  it  is  essential  to 
reproduce  the  type  of  flow  pattern  of  the  full-scale  prototype:  this  requires  fore-knowledge  or  sure  prediction  of  what 
the  full-scale  flow  pattern  would  be,  and  may  involve  the  use  of  transition-tripping  devices  of  unacceptably  large  size. 
Again,  the  effect  c£  changes  in  Mach  number  depends  on  the  type  of  stalling  pattern,  and  can  thus  vary  from  one 
Reynolds  number  to  another.  Such  observations  point  the  need  for  a  wind-tunnel  in  which  Reynolds  number  and 
Mach  number  can  be  varied  independently:  basing  an  aircraft  design  on  the  results  of  tests  in  existing  low-speed 
tunnels  may  easily  prevent  its  full-scale  potential  from  being  fully  realised. 

The  differing  requirements  of  wing  design  at  high  speeds  and  low,  and  ilie  need  to  retain  good  aerodynamic 
characteristics  throughout  the  speed  range,  suggests  the  derirability  of  a  nose  shape  that  can  be  varied  continuously. 

A  promising  practical  means  of  doing  so  is  provided  by  the  vanable-aerofoi!  mechanism  developed  at  the  Royal  Air¬ 
craft  Establishment  (RAEVnM)  and  described  in  Paper  13,  which  present?  studies  of  various  types  of  change  in 
leading-edge  geometry  and  stresses  tin  need  for  further  research  :p  !>oth  two-dimensional  and  three-dimensional  con¬ 
ditions  and  for  developing  improved  leading-edge  devices  to  operate  in  the  highly  complex  flow  patterns  that  arise  at 
high  Mach  numbers  and  high  angles  of  incidence. 

Paper  16  constituted  an  excursion  into  the  special  area  of  externally  blown  flaps,  and  at  the  same  time  provided  a 
bridge  between  wing  aerodynamics  and  flight  experience.  Salient  points  were  (at  the  distinction  between  the  maximum 
attainable  lift  and  that  actually  usable  in  order  to  ensure  acceptable  stalling  characteristics,  (b)  the  possibility  of  un- 
acceptah!.  attitudes  in  the  case  of  a  S'l  OL  aircraft  with  externally  blown  flaps  (because  of  the  very  low  stalling  in¬ 
cidence),  (c)  the  importance  of  adequate  lateral  control  in  order  to  cope  with  the  large  rolling  moment  that  arires  if 
an  engine  fails  on  one  wing  of  an  aircraft  with  externally  flaps,  and  (d)  the  insufficiency  of  applying  traditional  stall 
margin  criteria  t~*  STOL  aircraft,  for  which  a  load-factor  margin  is  suggested  in  place  of  the  usual  speed  criterion. 

In  the  case  of  powercd-Iift  aircraft  there  is  a  dearth  of  flight  experience  at  speeds  below  the  power-off  stall. 

Flig.it  limitations  in  this  condition  will  have  to  be  thoroughly  investigated,  and  the  aircraft  characteristics  required 
need  to  be  specified. 


6.  FLIGHT  EXPERIENCE  AND  ASSOCIATED  INVESTIGATIONS 
6.1 .  Required  scope  of  investigation. 

Flight  testing  at  high  angles  of  incidence  must  certainly  cover  the  range  of  flight  conditions  from  buffet  onset 
to  departure  from  controlled  flight*.  It  should  cover  also  post  stall  gyrations,  spinning  and  spin  recovery,  although  the 
greater  emphasis  should  normally  be  placed  on  the  usable  incidence  range  up  to  stall, departure  and  on  stall/spin 
avoidance  and  prevention.  The  importance  of  wind-tunnel  and  theoretical  studies  of  fluid  mechanical  processes  in 
relation  to  aircraft  flight  dynamics  is  emphasised  in  Paper  1,  whilst  Paper  25  indicates  the  wide  variety  of  wind 
tunnel  facilities  that  need  to  be  employed  in  order  to  define  the  aerodynamics  of  an  aircraft  in  terms  of  successive 
stages  of  flight  dynamical  behaviour  (cf  Fig  1 ). 

In  the  high-incidence  flight  test  procedures  followed  by  the  US  Navy2*,  buffet  onset  is  defined  to  occur  when 
oscillations  in  normal  acceleration  at  the  centre  of  gravity  of  the  aircraft  reach  10.05g.  The  observations  arc  usually 
made  during  a  wind-up  turn  manoevre  but  the  band-width  M  he  acceleration  signal  is  not  specified.  The  buffet  onset 
can  be  calculated  on  an  empirical  basis,  predicted  Irom  wind-ti,,  ncl  measurements  or  measured  in  flight,  but  the  sub¬ 
sequent  build-up  of  buffet  intensity  of  value  and  importance  a»  a  warning  of  impending  stall  or  departure  can  be 
estimated  only  roughly.  There  is  a  need  to  develop  methods  for  delaying  buffet  onset  and  for  ensuring  that  buffet 


*  Departure'  is  characterised  by  divergent  uncummanded  aircraft  motion  of  large  amplitude,  such  as  pitch-up,  nose  slice  or  snap  roll  it 
is  a  post-stall  phenomenon  although  on  modern  fightci  aircraft  rl  occurs  at  nearly  the  same  incidence  as  the  stall.  Pos;  stall  gyrations  arc 
uncontrollable  oscillations  ...Slowing  departure  and  preceding  spinning.  By  way  of  illustration,  the  stalling  sequence  for  a  particular  air¬ 
craft  is  depicted  in  Figure  I.  based  on  Figure  3  of  Paper  25. 


intensity  builds  up  in  a  satisfactory  manner  while  still  maintaining  a  high  degree  of  manoeverability:  buffet  of  suffi¬ 
cient  intensity  impairs  tracking  ability  and  weapon  effectiveness,  to  a  different  extent  from  one  weapon  to  another. 
Whilst  maximum  lift  may  be  estimated  from  wind-tunnel  tests,  buffeting  may  become  unacceptable  at  a  lower  angle 
of  incidence  that  is  difficult  to  predict. 

The  angle  of  incidence  at  departure  has  been  shown  to  correlate  well  with  the  dynamic  directional- 
stability  parameter  defined  by  the  equation 


C"0dyn  “  Cn/»  ‘  <V,X>C^  sin  01 

where  Cn<J  denotes  the  static  directional-stability  derivative,  lz  and  Ix  are  moments  of  inertia,  and  Cj  the 
rolling-moment  derivative.  More  research  is  needed,  however,  to  establish  whether  or  not  there  may  be  further 
parameters  of  importance. 

There  is  a  great  need  for  improved  criteria  relating  to  manoevrjng  characteristics  at  high  speeds,  and  for  ex¬ 
tended  test-facility  capability:  adequate  low-speed  tunnel  installations  need  to  be  developed55*  for  testing  at 
extreme  angles  of  incidence  and  sideslip,  such  as  variable-density  tunnels  with  advanced  instrumentation  for  6- 
component  measurements  of  dynamic  characteristics  up  to  90  deg.  and  with  the  propulsion  system  adequately 
simulated.  Provision  should  also  be  made  for  ground-effect  investigations,  and  possibly  also  for  gust  simulation. 

For  transonic  testing  a  large  pressurised  tunnel  is  essential  in  order  to  provide  a  wide  range  of  Reynolds  number 
and  to  cover  all  the  flight  conditions.  In  comparisons  between  wind-tunnel  and  flight-test  results  there  is  a  need 
both  for  increased  measurement  accuracy  and  for  improved  methods  of  analysis,  whilst  the  use  of  the  wind-tunnel 
to  check  analytical  prediction  methods  that  are  currently  being  developed  for  stalled  and  post-stall  conditions 
should  be  preceded  by  investigations  to  confirm  the  validity  of  the  wind-tunnel  techniques  in  these  conditions: 
stalling  accidents  can  only  be  prevented  by  extensive  wind-tunnel  testing  combined  with  analysis  in  depth.  It 
would  be  valuable  to  conduct  systematic  tests  on  a  control  model  in  a  range  of  wind-tunnels,  so  as  to  validate 
testing  techniques  and  establish  reliable  wall  corrections. 

6.2.  Buffet,  buffeting  and  wing  rock55-  54-  53 

The  intense  buffeting  that  arises  from  extcnsi\  e  flow  separation  causes  severe  deterioration  of  aircraft  handling  quali¬ 
ties  and  tracking  ability,  and  thus  severely  degrades  combat  ootential.  In  high-speed  manoeuvres,  the  use  of  flaps  and  slats 
can  delay  flow  separation  and  the  subsequent  loss  of  combat  capability55.  Predictions  of  initial  flow  separation  from  wind- 
tunnel  results  arc  then  found  to  be  poor,  however,  further  work  is  needed  on  buffet  data  correlation,  on  the  relationship 
between  heavy  buffet  and  loss  of  dynamic  stability,  and  on  the  optimisation  of  flat/slat  operating  schedules  in  manoeuv¬ 
ring  flight. 

As  alternative  to  leading-edge  slats  or  Kruger  tlaps  as  a  means  of  possponing  the  stall,  use  can  be  made  of  a  sharp- 
edged  ‘manouevre  strake’54 .  this  device  is  a  highly  swept  fillet  at  the  wing-fuselage  junction,  and  provides  vortex  lift  up 
to  high  angles  of  incidence,  with  little  weight  penalty.  Tests  on  a  particular  wing  configuration  showed  that,  although 
buffet  began  at  a  low  lift  coefficient,  buffet  intensity  did  not  exhibit  a  subsequent  rise.  No  limitation  in  usable  lift  appear¬ 
ed  to  be  imposed  by  buffet  induced  by  vortex  bursting.  The  drag,  although  increased  slightly  „!  low  lift,  was  reduced 
sjibstantially  at  high  lift,  on  the  other  hand,  in  another  series  of  tests  the  lift  increase  and  drag  reduction  due  to  a  man¬ 
oeuvre  strake  were  diminished  when  leading-edge  flaps  were  deflected. 

The  dynamic  analysis  of  buffeting,  and  the  prediction  of  aircraft  behaviour  beyond  buffet  onset,  are  im¬ 
portant  to  civil  transport  aircraft  when  they  encounter  gusts,  as  well  as  to  combat  aircraft  manoeuvring  at 
transonic  speeds.  Wing  stnictu:;'  buffeting  (predominantly  in  the  wing  bending  mode)  and  wing  rocking  (a 
rigid-body  mode)  can  be  described  mathematically53  either  by  a  forced-vibration  approach  based  on  the  fluctuating 
pait  of  measured  aerodynamic  foices  or  l/*  a  non-linear  flutter-type  approach  based  on  mean  aerodynamic  forces 
and  using  equations  that  represent  a  limit  cycle  instead  of  containing  time  explicitly.  The  linear  forced-vibration 
method  is  generally  considered  appropriate  to  the  study  of  wing  structural  buffering,  although  its  range  of  app¬ 
licability  needs  to  be  established.  In  general  there  is  a  closed-leep  interaction  between  wing  motion  and  aero¬ 
dynamic  forces,  and  the  choice  between  forced-vibration  and  limit-cycle  models  can  be  made  on  the  basis  of  an 
experiment  in  which  the  power  spectra  of  pressure  or  load  fluctuations  for  a  fixed  wir.g  are  compared  with  those 
for  a  wing  that  is  forced  to  oscillate  sinusoidally.  In  the  case  of  wing  rocking,  further  investigations  are  needed 
in  order  to  establish  which  charactcustics  can  be  deduced  from  wing-tunnel  tests  on  rigid  models.  Buffeting  can 
be  predicted  from  tests  of  fixed  wings,  provided  wing  motion  produces  a  purely  additive  pressure  field. 

6.3.  Stall  warning,  stalling  behaviour  and  post-stall  characteristics 

In  order  to  meet  ’he  requirements  of  stall  warning  through  buffet  onset  or  stick  shake,  of  nose-down 
pitching  at  the  stall  (without  excessive  wing  drop),  and  of  maintaining  lateral,  directional  and  pitch  control  up  to 
and  beyond  the  stall,  it  is  often  necessary  to  introduce  aircraft  modifications  at  the  prototype  flight  testing  stage. 


On  the  BAC  Jet  Provost  Mark  5  (military  trainer)  and  Strikemaster  167,  for  instance17 ,  the  nose  drop  at  the 
stall  was  initially  not  sufficiently  pronounced  for  training  purposes,  and  the  maximum  lift  was  too  low:  modifi¬ 
cations  had  to  be  devised  that  increased  the  maximum  lift  and  improved  the  nose  dropping  characteristics  with¬ 
out  loss  or  stall  warning  (provided  by  airframe  buffeting  due  to  impingement  of  the  wing  wake  on  the  tailplane). 
Again,  wind-tunnel  and  flight  tests  determined  the  modifications  needed  to  ensure  high  maximum  lift  combined 
with  nose-down  pitching  moment  at  the  stall  for  the  Fokker  F-28  short-haul  aeroplane20.  Similarly  based  investi¬ 
gations  were  also  made  to  ensure  good  high-incidence  handling  characteristics  (freedom  from  wing  drop,  from 
pitch  up  and  from  wing  rock)  for  the  Hawker  Siddeley  Harrier19 ;  a  method  for  buffet  prediction  was  also 
devised. 

The  economic  importance  of  predicting  stalling  speed  accurately  for  aircraft  such  as  the  Boeing  747  is 
exemplified  by  a  loss  of  38  per  cent  in  payload  (or  55  per  cent  in  potential  profit)  that  corresponds  to  a  5  per 
cent  error  in  the  determination  of  stalling  speed21  when  the  crcraft  is  designed  so  as  to  be  able  to  land  with  full 
payload  in  exactly  the  field  length  available.  For  this  aeroplane  it  was  found  that  tunnel  tests  at  a  Reynolds 
number  of  1  x  106 ,  together  with  check  tests  at  7.5  x  106  and  a  good  deal  of  engineering  judgement  based  on 
experience,  did  enable  satisfactory  estimates  of  stalling  speed  to  be  made  for  the  full-scale  Reynolds  number  of 
40  x  106.  It  should  be  noted,  however,  that  the  extrapolations  were  able  to  make  use  of  factors  derived  from 
previous  Boeing  aircraft  of  largely  similar  basic  design:  in  general,  a  detailed  understanding  of  the  aerodynamics 
would  need  to  be  obtained. 

From  investigations  made  to  establish  the  stalling  and  post-stalling  characteristics  of  the  Convair  F-lll 
aircraft18  it  was  concluded  that  wind-tunnel  static  and  dynamic  derivative  data  for  use  in  flight-simulator  studies 
need  to  be  obtained  at  high  Reynolds  numbers  and  full-scale  Mach  numbers.  Results  from  instrumented,  radio- 
controlled  dropped-model  measurements  of  the  overall  aerodynamic  coefficients  help  to  improve  the  data  obtained 
from  a  wind-tunnel  and  provide  information  on  departure  characteristics,  post  stall  behaviour  and  spin  suscepti¬ 
bility;  because  of  Mach  number  and  Reynolds  number  limitations,  however,  full-scale  flight  test  data  also  are  required. 
As  regards  full-scale  flight  tests,  it  was  concluded  that  emphasis  should  be  placed  on  stall/post  stall  recovery  proced¬ 
ures  and  on  spin  susceptibility.  Prior  tests  using  a  model  in  free  flight  in  a  wind  tunnel  serve  to  indicate  conditions 
foi  yaw  divergence  and  thus  provide  a  valuable  basis  for  determining  the  maximum  angles  of  incidence  t?  be  used  at 
full  scale,  but  the  vertical  (spin)  tunnel  is  regarded  as  having  only  limited  value.  Analytical  prediction  methods  are 
expected  to  be  used  increasingly. 

7.  CONCLUSIONS 

The  broad  conclusions  to  be  drawn  from  the  meeting  may  be  summarised  as  follows: 

(a)  Accident  statistics,  the  operating  economics  of  civil  aeroplanes,  and  the  effect  of  buffet  on  the  tracking 
ability,  weapon  effectiveness  and  combat  potential  of  military  aircraft,  combine  to  emphasise  the  vital 
importance  of  the  aerodynamics  of  the  stall  to  both  military  and  civil  aircraft  at  take-off  and  landing, 
to  Itjliitary  aircraft  in  high-speed  manoeuvres,  and  to  civil  aircraft  on  encountering  gusts  during  cruise. 

(b)  3esides  ensuring  that  buffet  onset  does  not  occur  at  unacceptably  low  angles  of  incidence,  the  aircraft 
designer  must  also  ensure  that  the  subsequent  build-up  of  buffet  intensity  w;':h  increase  of  lift  coe- 
efticient  takes  place  in  a  manner  that  is  conducive  to  satisfactory  aircraft  handling  characteristics. 

(c)  Several  noval  considerations  will  be  involved  in  certain  aspects  of  the  stalling  of  special  types  of  VTOL 
and  STOL  aircraft  such  as  those  with  externally  blown  flaps.  For  the  most  part,  however,  such  con¬ 
figurations  lay  outside  the  scope  of  the  meeting. 

(d)  A  great  deal  of  work  is  currently  in  progress  on  the  basic  fluid  dynamics  of  stalling  phenomena.  It 
tends,  however,  to  be  pre-occupied  with  considerations  of  boundary-layer  separation:  not  enough  atten¬ 
tion  is  being  paid  to  reattachment  and  the  subsequent  development  of  the  flow  downstream. 

(e)  The  effects  of  stream  turbulence  on  stalling  characteristics  warrant  investigation  because  of  their  import¬ 
ance  to  turbomachinery  cascades. 

(0  Highly  significant  advances  have  been  made  recently  concerning  the  mechanism  of  flow  over  multiple- 
element  aerofoils  (i.e.  aerofoils  with  slats,  slots  and  flaps)  in  two-dimensional,  incompressible  flow 
conditions.  There  is  great  scope  for  the  extension  of  this  work  to  wings  of  finite  aspect  ratio  in 
compressible  flow,  the  development  of  inverse  methods  (i.e.  design  procedures),  inclusion  of  the  effects 
of  partial  sepa^lion,  detailed  study  of  wakes  in  pressure  gradients,  and  investigations  of  the  complex 
interactions  that  take  place  between  the  flow  leaving  one  element  and  that  developing  on  the  next. 

(g)  Wind-tunnel  techniques  need  to  be  improved  in  respect  of  constraint  corrections  near  M  -  1,  model 
support  interference,  engine-flow  simulation,  and  testing  at  extreme  angles  of  incidence  and  sideslip 
(including  dynamic  characteristics). 
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(h)  Wind-tunnel  capability  must  provide  for  both  an  adequate  range  of  Reynolds  number  and  the  variation 
of  Reynolds  number  and  Mach  number  independently. 

(i)  To  base  the  design  of  future  aircraft  on  results  obtained  at  low  Reynolds  number,  and  failure  to  im¬ 
prove  upon  existing  tunnel  techniques,  could  easily  prevent  the  full  potential  of  new  projects  from 
being  realised. 

(j)  Consideration  should  be  given  to  the  possibility  of  testing  a  control  model  in  various  wind-tunnels  in 
order  to  validate  wind-tunnel  techniques  and  establish  reliable  wall  constraint  corrections. 

(k)  Improved  methods  are  needed  for  predicting  the  rate  of  increase  of  buffet  intensity  with  lift  coefficient. 

(l)  Before  embarking  on  expensive  and  crucial  flight-testing  programmes,  adequate  and  exhaustive  wind-tunnel 
investigations  must  be  made  over  the  whole  incidence  range,  and  the  results  analysed  thoroughly. 

(m)  Flight  tests  at  high  incidence  must  extend  up  to  or  beyond  the  conditions  of  departure  from  controlled 
flight,  greater  emphasis  being  normally  placed  on  the  usable  incidence  range  (up  to  stall/departure),  and 
on  stall/spin  avoidance  and  prevention,  than  on  post-stall  gyrations,  spinning  and  spin  recovery. 

(n)  Improved  methods  of  analysis  are  needed  for  the  adequate  comparison  of  wind-tunnel  and  flight  test 
results. 
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Stall  olT  aa  aircraft  is  &fias<£  as  a  Jirritirg  esaiztias  far  mammal  flight  cuerngtics;  gSrwartbisffgs  . 
requirements  far  star!  and  rest  stall  .behavi  ecr  are  briefly  reviewed. 


Ess  fiisSiset  dynamic  and  aerodynamic  amstrihsticss  t®  a  stall  sssaKne  amd  rust  stall  ijsstfens  ,are 
describee;  tbs  pilot's  ir.flvnr.at  is  assessed,  and  so as  isrlicati ccs. sc  airfrsse  fesigp  are  emhlined. 


Ess  ■xsriotts  aerodynamic  aspects  are  ties  described  £3  fterther  detail;  tie  present  state  of  Sscwledgs 
of  flow  sesaraiics  cs  wings,  tie  control  of  flat  separation  and  tie  role  of  mode!  experiments  are  reviewed. 


Itrassasat  tbs  history  of  prototype  flight  testing,  accidents  arisiss  free  a  stall  sstcatacc  late 
bees,  unfortunately,  a  recurring  these.  Vitsin  tie  last  decade  a  seqa see  of  accidfcsts  and  '-cid— rts  es 
sane  high  ?  tail  plane  esnfigmraticns  las  lees  earned  by  tee  deep  stall  pkerememar.  Current  prototypes, 
are  sot  imacne;  as  Aerospatiale  Corvette  las  recently  crashed,  ere,  it  is  thought,  to  a  lack  cf  centre!  is 
a  still.  iSgiter  military  type  aircraft  have  lees  lost  tecasse  of  unexpected  dif fieri  ties  is  the  handling 
characteristics  is  the  stalled  regime  and  is  the  mode  of  spin  recarery. 


Is  commercial  airline  operatics,  severer,  heeasse  of  the  thorergf .ness  of  the  prototype  flight  test 
programs,  the  stringency  of  the  registratics  authorities,  and  the  evdrti^n  of  as  errrieai  set  of  safety 
factors,  it  is  thongs t  that  a  satisfactory  level  cf  safety  is  respect  of  aircraft- stall  is  being  aehtemd; . 
typical  quoted  figures  suggest  that  the  prchahility  .of  reaching  a  stall  parsing  is  of  the  order  of  1  is  if?, 
whereas  the  probability  of  occurence  of  a  (recoverable)  stall  is  cf  the  erder  of  1  is  1©*. 


large  military  transport  aircraft  met  roughly  the  S2ne;  requirements  as  those  fer  cirri  irsnsptx’i 
aircraft,  and  consequently  attain  about  the  sane’  level  "of  safety. "  Scalier  _fighter  type  service  airc  aft 
are  core  often  invoiced  is  accidents  arising  from  post  stall  gyrations  and  spin  type  ssaassss.  hcrii  is 
training  asd  ir  ccchat;  training  accidents  occur  rather  core  frequently  than  these  in  eschar.  Sosa  c  tesreno 
are  cue  to  marginally  acceptable  handling  qualities  in  the  extreme  attitude  cord;  tiers  which  are  called  fer 
to  meet  some  of  the  limits  of  creraticmal  recnirecents.  "  ; 


Etc  problem  of  stall  is  therefore  to  ensure  that  as  aircraft  is 
the  stall  regime,  vintner  inadvertent  cue  to  utmc-cuieric  gnats  or  ini 


the  stall  regime,  vhether  inadvertent  cue 
to  ensure  that  the  aircraft  cannot  under 


pssre  that  an  aircraft  is  recoverable  curing  enccmrsrons  into 
o  atmospheric  gusts  cr  intentional  is  uaasemenrg  fiight,ame 
y  circumstances  exceed  the  specified  limitations  and  so  enter  an 


uncontrollable  state.  Civil  aircraft,  for  example,  are  precluded  from  entering  a  spur 
aircraft  must  be  cansble  of  recovery  free  all  of  its  s=ir  modes. 


Setter 


It  is  mandatory  to  demonstrate  satisfactory  stall  and  post  stall  behaviour  in  flight;  the  aircraft 
designer  must,  therefore,  ensure  that  the  safety  cf  the  prototype  aircraft  is  not  in  any  way  prejudiced. 
Ideally  the  aha  at  the  design  stage  must  be  to  acquire  all  the  pertinent  information  necessary  to  predict  t 
behaviour  of  an  aircraft  at  high  angles  of  attack,  sideslip,  and  rates  of  rdl,  throughout  the  sees  range; 
prototype  flight  tests  should  then  be  made  to  check  cut  and  quantify  predicted  trends  not  to  investigate 
unknown  conditions.  .  .  : 


Attention  at  this  conference  is  being  focused  on  those  fluid  dynamic  aspects  relevant  to  the  problem  of 
the  stall  behaviour  of  an  a.'  rcraft.  Onset,  of  flov  separation  on  a  main  ving  in  its  many  slat— flap 
combinations,  the  progression  of  flov  breakdown  on  a  main  wing,  the  effect  of  the  separated  flow  field  on  the 
whole  aircraft  configuration,  in  canicular  on  the  tailplans, the  effects  of  dynamic  manoeuvres  or.  the  separated 
flow  field  characteristics;  these  are  the  basic  ingredients  of  the  problem.  Theoretical  prediction  methods, 
incorporating  empirical  data , for  any  of  the  above  items  are,  to  say  the  least,  sparse.  Se suits  free  vine 
tunnel  testing  can  be  totally  misleading  unless  the  tunnel  Eeynolds  number  is  hifh  enough ,  and  evem  then 
very  small  differences  between  the  shape  of  the  model  and  full  scale  aircraft  can  lead  to  significant 
differences  in  flow  behaviour  at  the  stall  onset.  Because  of  the  uncertainty  of  design  data,  together  with 
the  imperative  requirement  for  safety  of  the  production  aircraft, flight  tests  of  the  stall  behaviour  on  a 
prototype  aircraft  are  necessarily  extensive,  covering  a  vide  range  of  parameteis,  time  consuming  ano 
expensive.  Advances  in  fundamental  knowledge  of  flow  separation  and  in  the  techniques  of  the  acquisition  of 
reliable  data  at  high  angles  of  attach,  and  high  angles  of  sideslip,  are  urgently  needed. 


In  the  past  when  flight  tests  have  indicated  areas  of  inadequacy  in  meeting  any  of  the  airworthiness 
stall  requirement, i  it  has  often  been  possible  to  rectify  the  situation  with  so  caiiec’quick  1  iocs',  such  as 
vortex  generators,  leading  edge  fences,  etc.,  which  are  relatively  easy  to  install  on  the  structure; 
nevertheless  finding  theoptimum  position  of  these  ’quick  fixes’  by  a  sueessive  senes  of  flight  tests  can  be 
anything  but  ’quick’,  nowadays  inadequacies  are  appearing  in  the  behaviour  of  come  prototype  aircraft  m 
stalled  flight  which  the  traditional  ’quick’  fixes  cannot  readily  allcv.ate,  so  although  modifications  are 
therefore  called  for  it  is  not  til  together  clear  in  our  present  state  of  knowledge  what  form  these 
modifications  should  take. 


Another  factor  which  adds  a  further  dimension  of  difficulty  concerns  the  wide  range  of  size  and  shape 
of  contemporary  configurations:  the  T-tail  configuration  with  its  ill  defined  stall;  the  highly  swept 
configuration  whose  flow  separation  docs  net  in  itself  introduce  any  handling  problems  but  whose  minimum 
speed  conditions  then  become  ill  defined  so  one  potentially  hazardous  condition  is  replaced  by  another; 
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'  tbs  variable  *£rsr*5t  with  sSgrffi<g.Th  aerce-IashSe  effects;  ttS*  3/2BS.  *£rc raffh  abase  jeseer 
«a£  aesrfysarics  are  SaBaefaicatSSr  tfrf  ep  HajsSsas-.  Srpfrsctl  tarse-hrs*  ara£  eagasiasce  bsSUt  sg>  os  aae 
type  off  esgfsgirahffcs  censes  la  »z£^  aahragdxSais  to  jcsrtbss"  cype-. 

It  cbsuili  So  esgBarfarf  ttftah.  itl'SianSiSo  aSanTP  Sabaraacr  csmc  la-  caarhhfftrf.  rggsssaaechs  to  be  sett 
sre  pbresrf  fa  taras  eff  *s*sfgffa<tSaTy‘  racssarfaa  a£ta£sa<£  «£tfc  tbs  ggsaaS  ca*  off  tbs  castraJa,  Jggb 
orrftariiE  see  osStfactfse  rather  tbss  obfasotfi*,  qsafcjfftaifve  raiber  tbps  qtaegftot&aa;  ft  fo  tbs  gflsft  ffrss 
the  Aar  SbgsatraSioe  Scarf  who  p-ramuscs©  tbs  fffssei  sarffct-  2be  tsatttfaa  arises  off  bear  fftr  tbfs  r.t^ftais 
shrfbi  bs  refflaotrf  fa  tbe  tyre  srf  tmaSity  off  aasuiIyTTunrfc  detaf ,  aa  answer  sacsbi  rcmtibly  Serf  to  sea 
frfieatfca  ca  tbe  direction  off  future  research. 


Sfaee  tbfs  arte  fs  intended  to  be  istrsdsgtery  to  tbe  cresail  ensfferenoe  croosedirgE  He  *hn  is  to 
<ffsggss  sate  cselfrrrasy  aspects  off  tbs  flight  aechanscs  off  stall  I  raroeoners  and  tbes  to  assess  the  ccgtaat 
off  tbs  satiates  £2sfi  aecharse  prebless;  tbs  sAate-off-the-art.  eff  tbe  ffsabasatal  prediction  sstbafs  are 
cctliaei  and  testirg  teebafoass  are  discussed. 


SSirtsS.  off  tbfs  arterial  presented  here 
develocrenSs  are  acted. 


■s  eztracted  ffras  3*ff.  1;  bsweser,  cas  ca  taco  acre  recast 


2.  sas  szs&s  sesbbess  Agsss  a?  usscssss  sss b 

rfrat  it  is  adriszhle  to  attesgt  to  clarify  tree  off  tbe  emsspts  and  phraceclatey  taaf  fa  tbs  field 
off  ofrcrafft  staff. 

Aircraft  stall  is  a  Ifaftfrg  ©rrditios  eff  tarsal  flight  when  tbe  prlct  easerisasss  a  artfeabie  charge 
fa  tie  ortbrfrs  bsadSisg  ebrrarteristfes  off  tbe  air  craft.  5»  charges  fa  tbs  efesataa  angle  gas  Serf  to 
rapid  saareerres,  abort  eftbsr  ca,  beta,  tbs  lotgitsdral  aaud  lateral  saas.  Srretixes  tbe  eppesite  cecars. 
tbs  banfrfgg  characteristics  berms  vague;  rssaerate  charges  fa  tbe  elevator  angle  fabaas  little  charge  fa 
aircraft  atef tafs. 


-  l&atffficatfca  eff  stall  is  tbs  scat  irrertart  aspect  off  ary  flight  test  pregrarue-  Ber>  raries  cf 
tests  are  called  fea  is  tbe  civil  afarsafft  airvaribiasss  reosirecKrrs,  rarely,  a  blear  approach  to  tbs  stall 
{tbs  speed  cf  tbs  aircaaft  is  redared  by  abort  1  barb  peer  accord!  ard  a  dyrarie  stall  {essentially  rftararf 
by  tbs  rapid  applieatice  of  as  ca  dexrtca).  la  a  slear  ^crcacb  to.  tbs  stall  tbe  sgsrf  is  grasrslly  rstasi 
cstil  tbs  afralaae  carceares  a  largs  rellftg  ca  sitcbfsg  sctica,  sebsemsst  reesiery  is  issarf  eatisfaeccry 
if  tbe  aircraft  reicras  to  a  rre-stall  cmiftiea  trsrsg,  if  resrfrec,  tbs  deiatea  eeesscib.  All  aircraft 
ceafigrraticss  sast  be  testec  virb  mi  vitbmt  tbe  eztessicc  cf  slats  arf  flags,  cariccs  c.s>  scsitieas, 
arferearriags  so  arc  oscr,  asyrsetric  scaea,  etc. 

:  Ee  classical  iosal  of  a  satrrai  rose  braa  saotica  of  tbe  aircraft  at  tbe  stall  csss t  is  r©  Irrgsr 
saamtery-  As  less  23  Hare  is  a  clear  in sfcstics  that  tbe  stall  bas  bass  rsacbec  arf  tbst  there  is 
ssfffficists  elexatca  ocaer  to  restore  tbe  aircraft  to  its  sre-stall  state  aitbart  tbe  pilot  ffeelirg  that  be 
bas  lest  extra!  tbst  tbe  stall  cbaroctaristics  are  safe  to  be  satisfactory.  Sorb  oepsscs,  bcsoeJer,  ct  tbe 
pilct's  rbill  asf  eageriescs;  tbe  tfsisg  off  tbe  reccrery  iritiaticn  ate  tbe  rate  off  arplieati.ee:  of  tbe 


recscery  eiexatcr  are  left 


"s  ciseretics  arc  so  sig>iffica=t  difffferesces  s=  tbe  stall  reewery 


raroesrre  ear  be  ezreriercec  cs  tbe  sare  aircraft,  largs  oiercboct  corfiticrs  car  cccrr  is  tbe  rececery 
saroercre  specially  ffollowrs  tbe  cyraric  stall;  argles  off  IS™  abcce  tbe  argle  cf  tbe  coast  off  stall  .ere 
ffreoasrt;  ir  eztrere  caass  tbe  rax-rrr  irerfisree  car  be  rscr  biger,  tbs  I/.E.  srffalo  artrally  -^ert  rp  to 
ir  css  stall  test. 


For  tbrss  aircraft  --arm  cs  rot  possess  a  ratrral  large  sotier  at  tbe  scat  of  tbs  stall  :t  is 
rarcatory  ir  tbe  ~.r-  that  ar  artificial  stall  icartificaticr  oyster  be  irstallec.  Ibis  systsr  twes 

tbe  forr*  tf  a  stidb  pimsr  ascio*  wbicb  astoratically  prsbes  tbe  derates  co<r  Her  tbe  aircraft  reaches  a 
£3»f;f'*c  jaa r.— .  (Hicb  osreros  or  tbs  rate  of  imease  of  imbsros)  t / . .s  p.tcbirg  tbe  aircraft  rose 


opr ci  free  ircioeros  (Hicb  osreros  cr  tbs  rate  of  ir 
emtr;  tbe  aircraft  is  rot  ailcatec  to  stall. 


Core  tbe  stall  bas  beer  i certified  it  is  rsrcatcry  to  crcrice  stall  Marrirg  at  a  fev  Degrees  belc^  tbe 
ireidsree  at  vrici  erset  of  stall  cccrrs.  Ideally  stall  varrirg  erode  tabs  tbe  ferr  of  raid  bcffettrrg 
wits  tbe  irtersity  of  brffettirg  ircreasirg  op  to  tbe  stall.  sffectiTeress  of  all  ccrtrol  srrfares  rbccld 
be  raistaired.  "sfortrrately  srrs  ar  ideal  is  rarely  attained  so  artificial  stall  warrirg  bas  to  be  girer  to 
tbe  pilot.  Stall  warrirg  de rices  rsrally  tabes  tbe  forr  of  a  slide  inosier  or  trader,  actuated  na  ar 
ircicerce  ran-  or  tbe  side  of  tbe  frselage. 

As  already  irplied  rary  aircraft  ir  tbe  early  flight  dereloprert  stages  derorstrate  snsatisfactscy 
stall  Characteristics,  for  eaarple;  too  rapid  a  rose  drop  at  tbe  stall,  too  rapid  a  pitch  rp,  slrggirb 
stall  recovery,  irsrfficiert  ccrtrol  effectireress  ever  ir  ♦be  pre-stall  state,  irtesse  baffettarg, 
crcortrollahle  wirg  drop;  wirg  roce,  loss  of  cire cti oral  stability  leacirg  to  lateral  lint  cycle 
osciHaticrs,all  have  beer  experienced  at  ere  tine  or  another .  rreverticr  of  t-ese  pbeeoaera  is  the  basic 
air  cf  the  designer,  although,  ir  practice  rerecyirg  tier  crce  they  hare  appeared  seers  to  be  the  = ore 
usual  occurrence. 


It  has  to  be  erphasised  that  aircraft  stall  is  corcerr ed  with  tbe  flifpt  behanour  of  ar  aircraft 
involving  either  tbe  iorgitccual  or  lateral  degrees  of  free  don,  although  core  often  a  ccnplex  coupling  of 
tbe  longitudinal  arc  lateral  rotters  results,  fluid  re  cranes  is  only  ore  factor  which  contributes  to  air¬ 
craft  stall.  Other  equally  inportant  factors  concern  the  inertial  characteristics  of  the  aircraft,  and  the 
piloting  technique  involved  in  the  sequence  and  node  of  operation  of  the  controls  curing  recovery. 

A  knowledge  of  the  fluid  re charics  of  flow  separation,  flow  breakdown,  and  its  progression,  carrot 
by  itself  indicate  whether  a  stall  behaviour  will,  or  will  rot  be  acceptable-  On  the  ether  hard  ary 
deficiencies  is  a  stall  behaviour  have  to  be  lectified  by  fluid  re  char ic  rears. 


C_ 


8-5 


iRaSS  asi  tie  jcsl  s2*S2.  asttbaa  jries-  ne  frfglxbfcTS  eS  tfie  reewssy  by  tie  ygiafc  irenalrees  tie 
fstesaeSEga  cf  tie  uar&aas  aar»£.>sag£a  fterass  sad  acmea: au.  gitaneEgg  far-  rear  tlait  L-garriS.  csstssS.  fa 
:sreirerei£s®£,  tie  IsggStadte a&  reoSssn  aicoe  tie  o£s22  ditgereris  sa  tie  causes  fa  g«ga23.  lift,  fcij,  saf 
gfggSfag  ana eaS  vStls  EareSifeaue-  2s  fsafifeaae  graifistTi.'Sy  facrsnaas  Sees  cf  €.  alone  C„  am r,  craw  tie 
*£rtsa£t  a®  ££££.  ataSaj  as  fatraase  Sod  tie  gif  it  gaafe  angle  aa£  fasEtSesce-  £  T-tsge  faesaaae  fa  drag 
si  tie  sta£2L  iscrsasss  tie  frerwaref  cjeeti,  cacafas  tat  g2i&  sail  angle  t®  frecraace.  Sri  as  rise  arercrsft 
b®i  sea  *f  trfcs  ®  recce  <£:«=  yStcifres  snana  a&iiu&f  2®  faSas&f  wife!  leads  to  decrease  ErecSdisreor.  2a 
tie  CErrett  Sear  seconds  fsEErewsreg  tie  crereet  of  ta*-  stall  tie  effects  cf  tie  cSarrees  fa  lift  astS  acateat 
ifcrcss.it;  tie  effect  of  tie  eSasgts  fa  ding  Snfiifis  «p  relatErejly  relcseSy;  &£g  therefore  becases  afscafScsa 
fa  tie  sore  sfengfrel  rsemerey-  S&at  iagcessjdiewends  aa  tie  j&lagae  cf  tisce  tasisos  effects.  Ibt  --ST-n-- 
ef  tie  faestfal  cSaracterrestiere  fs  agurereret-  £  tcree  dirwre  yEtcftnreg  asagti  ca  a  lar^  aircraft  ar*2l  faiaat 


gcesE sly  Esgacil  rscojsry.  inisrdsreg  ts  ttresgeresy  tie  argil  ESt  155  escstioe  Jet  «ss£  tie  far  larger 
EZ£  ‘Sridasct  iase  afaflar  lift  saf  siieiireg  auatai  coefficients  si  tie  rennet  cf  tie  stall  Butt  tie  acre  does 
sstfsa  of  tie  35t  ---  ras&f  as  ereselleret  ■vt~:T*-  iv*-  Irffaait  fs  regerdisi  as  far  alsagfsSi, 

fee  ccrest  to  recce  fs  tins  ft  fs  reset!  Sir  stall  tests  to  2e  jerferresi  witicct  arey  rafSesesce  ef  tie 
iscfderece  to  tie  riloc  JtSe  asgasat  of  aSetler  er  act  aa  faff  satire  of  tie  fsafifess*  ifcsslfS  £e  fsstaUed 
as  a  stasrfsaf  sfeae  of  erersssest  fs  a  ssstfsreitg  islataj-  £  oiloi's  frreressfsa  of  tie  Iscgrtrafita!  stall 
sasraererre  fs  icfcaai  arfsasflr  fires  ere  jtttaSs  rreKocse  ilarasterfstf  es.  It  fs  tie  cefestatfsa  cf  tie  air  craft 
fs  saaot  to  tie  sflst  resrcsjfr;  tires  as  fatrsrse  is  rrcf&stre  srealttf  «f tir  are  fremaae  fs  gliit  satis 

aag Je  oid<£  ieaw  tie  afrreraft  at  tie  sare  sites  asg!e  arai  •«>  tie  aflat  acd/i  Is  tasaaare  of  tie  creases 
tafefas  t2ace  asast  frres  tie  lasss  is  lefgli-  fee  sflst  rascrta<£  satfsfaotary  stall  lesaiiccr  are  a  C-141 
afrreraft  ales  Us  aircraft  sitalaf  recce  irscr  is  tie  rscareery  etas  tSccgfr  tie  aircraft  trirrrei  art  reseral 
<5*grees  dscae  tie  stall  asgse  of  fsasiSeaas-  2®sis  fs  Sle  &«o  stall  isri&rSs  tie  rate  of  ircrease  of 
glf&  sail  argje  satdef  tie  rats  of  screase  of  freer  &cca  arts  little  dasjs  of  petas  attitrear-  tics  a 
sflst  Saaf  little  faselofisa;  of  tie  tffsastrccs  rates  of  eras gje  taSef  rg  glace,  ales  tie  silst  realisraf  Ires 
snsi tics  tie  ceetrals  aere  iceffeetise- 


2«iss  est^lisleif  si«t  tie  Sasic  frgretfiesis  of  tie  aircraft  si 
daraeterisiics  are  cflsC  Saafiffcg,  ft  is  scsarlle  to  rroieeif  to  tie 
fs  aircraft  ssali. 


.  cf  tse  raS 


is  a  sr*H.srr2ry  stere  it  is  sects  cistisgrislfrg  SecMfere  tore  of  tie  terrrs  are£  earrassicss  reaef  rs  t£fs 
prticae-  fieS/f-  is  sat tef  earlier  aircraft  stall  is  redgrrsef  I7  tie  ScSaiiecr  at«.  lesiSfrg  cralities  cf 
as  aircraft  is  flight  as  it  reaui^  c.  siritisg  issi&siae  erreSircc,  tie  stall  ecnerr  cascesxre  rmlies 
fli^t:  is  tie  scat  stall  r-gise,  referrtc  to  as  a  scat  «sa31  gyratice-  '  Arrxrcjsaiccists,  Ictener,  are  sere 
fast  tar  art!  fleet  sesaratisre  ats  fleet  srea&tfecct,  ra^er  tsar  aits  aircraft  stall-  3st  esses  stitlfs  tie 
agro^ncre cf  rts*  iSsrair.  it  is  retressarr  tlese  <fsrs  to  erfferertrate  oetaesss  flew  srgaratfcc  arer  fleet 
Isea'afiscs.  Cre  as  aircraft  itati:  ligllT  swict  etrsgs  fer  eaag?le  fleet  OEraratrcs  cat  ooetr  is  as  er®£srs»S 
carreer,  fcstttg  a  leafigg  afige  ccrtea^cct  fleet  Sreericifear.  ■sard£  tot  lace  cecrjaf;  altlsq^:  tie  itereerettai 
clsrges  is  lift,  <frag,  are  cftditg  socest  eeasls  Se  tco-lissar  tie  aircraft  ■ssccls  ret  seeessErii?  Se 
reg^rreei  ass  ctallefe  it  ir  rcssicle  scvteier,  flat  g-*«.ss  tie  leafirg  esgr  scctioes  were  *fizsd’  I7  a  ferete, 
or  a  retd,  taste  tesyferey  to  -azster  ccer  tie  dat  of  tie  dreg  ccclc  leaf  to  sees  feffredfcr  is  lateral 
«acTrei-  Seriaso  asrofTtarcfsts  esdi  le  cere  csrefd  is  tleir  see  of  tie  rreraaes  flssr  ssjeratrcc  ares  Host 
crea&feas-  is  g»serd  tiers  is  tie  sera sees,  flew  sesaraticc  is  feUcsteS  snr  fleet  Ireeasows,  lofe  are 
essestial  irecre/ff tiers  ice  tie  erast  of  aircraft  stall. 


It  rrgrt  Se  agree®  treat  e&ereas  it  is  ascrcjriate  te  refer  to  aircraft  stall,  it  is  sisleacisg  to  refer 
to  «iS3  stall-  *isgs  ezreriersas  fleet  aepsratiec  zze/ce  flsxc  ireaifcas  1st  stall  itaiies  a  sad  aaosr 
rccrotatics  of  tie  aircraft  as  a  dole.  He  asrccjsasics  is  aircraft  stall  edraass  tree  aerorjsasic  fleet 
esrirersest  aicct  tree  ertire  aircraft,  flsrt  hdebec  ere  tie  aisg  dfeds  ferectlj  tree  doasscreas  occcittccs 
arccrec  tree  taildare  as-i  rear  serertec  esgirees.  Si tdiss  aaasst  daracteristics  dereerec  ere  tree  rrretsal 
isterferereoe  effects  betetees  rears  visg  arec  tail  dase-  is  discsssisg  aircraft  stall  tree  cccdete  aircraft 
rest  be  cessicered;  tree  vise  tailslsree  csdisatiere  for  tree  rgsretric  stall  restless  asc  visg,  fasdage, 
fis,  tail  dare  for  tree  asysaetric  stall  aoticss-  Urtreerrecre,  it  is  ireportaret  to  arcreciate  teat  tree 
aerxxbreareics  of  aircraft  stall  are  ccseersed  rest  csly  vitre  tee  aeroejrarscs  ire  tie  rre-stall  crease  bet  as* 
esjeecally  ire  tree  jest  stall  ^raticres  ire  tree  recorery  careen-res. 


He  role  cf  baffettisg  ilisstrates  to  scree  ertest  tie  distisctics  betaees  aircraft  stall  asc  flow 
brealdwSjfcr  bsffettireg  cas  be  a  pre-stall  varreiss  rrere  tiorej—  brffettisg  care  csly  arise  free  flow 
breaidcsci-  creffettireg  is  sot  reecessarily  accccreasiec  iy  tree  large  pitdresg  ar  roilisg  reoticc  wsics  beralcs 
tree  stall,  reel  tier  is  tie  control  effectirereess  sigsifieastiy  ireraired.  Agais  it  is  seoessasy  to 
distiregdeh  betveere  breffet  asd  brffettisg;  breffet  is  tie  rasdare  aerodjreareic  preesooesre  associatec  vitre  flow 
breaidoiis  wreereas  brffettisg  coscerss  tret  resposse  of  tie  elastic  airf.rjree  to  buffet,  -detier  or  sot  tiere 
is  a  feed  bsci  frore  tree  resrosdisg  str-ctsre  >_  tree  bsffet  rscsesers  itself  is  sot  really  fcsowre.  Istessity 
of  brffet  is  related  to  tie  istessity  of  brf fetiisg  erely  tbrorgre  tie  lsertial  asc  stmctsral  esaracteristics 
of  tie  aircraft;  if  for  eaareplt  isiessire  bsffet  occsrs  aroresd  a  sodal  lire  os  a  visg  brffettisg  will  be 
sreall,  os  tie  other  iasd  reisor  bsffet  arossd  a  astisoce  conic  lead  to  sigsificast  brffettisg.  Pilot 
assessree st  of  istessity  of  bnffettisg  cepesds  critically  cs  tse  locatios  of  tree  cocbpit  is  reuses,  to  tree 
strvetsral  mode  excited  by  brffettisg- 


retrrsisg  sow  to  tie  problere  of  aircraft  stall,  scree  orerall  design  pnsciples  car,  be  fonvaiated  (e res 
if  they  eassot  always  be  isplereestcd).  Csset  of  flow  fcreakdsws  0=  tie  wisg  si'/rld  be  localised  initially 
asd  there  spreaa  progressively  with  increase  ire  iscidesce.  A  ssddes  corplete  flow  b  real  dews  gives  too  little 
warreisg  possibly  leadisg  to  a  nolest  reason-re,  especially  for  a  lighter  aircraft,  creaidowa  is  tie  wisg 
tip  regies  seed  sot  lead  to  a  rigs: f least  loss  of  lift  bat  wisg  drop  would  be  liiely,  associated  vitre  loss  of 


ailercs  effectiveseso.  Isboard  breaicows  would  lead  to  loss  of  lift  asd  possibly  iscucisg  large  ccvswash 
effects  ore  tie  tailplases.  Hus  flow  breaidews  about  read-spas  is  called  for,  possibly  sonreg  isboard 
gradually  rather  tiare  outboard,  free  design  paraaetr  to  va-y  tic  locatios  of  tie  initial  flow  breakdown  asc 
its  rr  tse  crest  progression  is  washout  i.e.  a  decrease  of  twist  toward  tie  wisg  tips;  pcrfomascc  could  be 


reduced  for  exasp le  by  tie  reed,  ficaticn  to  tree  fsdiced  dr^^re-oiractenstics,  so  a  coreprosioe  has  to  be  reace. 


X  ss«es£  sa=e=-  e»  tils  asses*  far  aas-aae?*  wises  $eff-5-  X  2aw  tgS2gS.ssg  is  pssfssabl*  to  £  siga 
• a£2-2a=e;  ca  f-urtatstsg  *  2 sat  sows  aaesy  fares  tbs  separated  tabs  tebdsd  tie  32*2 

vss&  gates  tbs  «a*ty!L-*ms  sSa242Ss£=s  effeeSiTOsass  whereas  2  ££a£  te£2p2a=e  seres  srsassSEj 

«a»e  VS=E  waS*  3L?ssss  its  =teii2isi=s  effecttiwesess;  tie  elsvttes  effec SStfesess  haiases  is  & 
csrrsspissiiss  sasser. 

It  ^ass*I  tesas  tie  ™~-!  nsss&2ess  of  jwr®£?=asi£es  is  aircralt  steH-  css  5e  Zistei. 

1}  as  2ew  tbs  asset  oS  Sbsst  ssssastiaa  asd  tbs  etajst  of  Slate  hreaifr&aa  cs  tie  sads  wings,  teih  is 

t&eSs-  deas  caEdgsraddea  asd  vitb  tbsbr  vcsietss  das-Ha?  eztesricas;  tbs  prcgressice  ef  tbs  stress 
eS  Gate  teea&siws  witti  iasddssoe  to?  to  bigs  isci  draatsp  tbs  sessitiaity  ef  this  =sczr*ss£cs  to  latesa I 

jr  _ s _ — - -  -rtr-a,  —  .->■..<.•8  «5rS«c  (5*rr?o»s  ca  omtral  tie  SSOtcesSECC:  flow 


asysrtaias  asd  brsa&drws  frcsE  tee  frost  In ssdage  as  stgi 
gats  «£ass  tie  taalplgae  ciasastesistigs  vies  t be  tedpl 


is  sot bear  issersee  is,  er  1 


2eS4  ieiisd  tie 
tested  seas  tbs 


yy«-r  ©'  45a)  IBS  SSJiluary  21: 

aS  gss  ameBes  ©I  jg/a  fence  esd  ei&sliip; 


5-  SSES^BMB-XaB?  SSESi  fl?  rlCK  BS2HXWS 

£  irrad  ersef  smew  ef  tbs  prssi2e=s  zazcaiztei  vitb  Gate  separation  asd  Szeai&an  is  sew  cctlfgrd- 
It  is  srs  intended  to  bs  esaasebeasi is  gsrwey,  2  Idler  tssscss  is  gives  is  Sfef.S;  tie  afa  is  So  iig^sdigitt. 
ww  ©I  xa as  isscrSast  pruilsrs  aiere  research  is  reefed. 
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ires  ss  less 


point  cl  view  it  is  necessary  to  start  wits  ta»  fenesaicral  aerofoil  seeticsal 


£t  lew  speeds  dew  iseaieisses  cs  a  two  eireurtcml  aerofoil  ess  tabs  tbs  Teas  of  a  leading  edge 
*sc=s!e*  burst  cr  a  tra- -«-g  icondary  layer  sessratiat-  Sgtifigasi  aKriasoeo  Sate  ices  asae  is  tss 
caSerstasStg  asii  strscSxse  af  lesdss  eefee  lasirar  cocsiisr?-  2 aver  sesaratics  *ssrc2es*  Set  as  far  as  the 
attscr  is  aaare  altscca~  rag?  saefei  esgirigad  forsdae  Sare  Seer  <5e»s2sctt£  tie  tsecretieal  rrscictics  of  t 
srea5aiias  of  a  «s~c2e*  as  as  actsil  adrfail  to  creiict  Cy-y,  sas  set  yet  Sees  cxtaisec-  Eae  trailiss 
ecy-:  Samesrr  layer  sssaraticc  destcesa  is  also  tsreaeines-  Saae  atccess  Sas  cees^ccrtaisec  is  tie 
=r»£ietics  of  tie  rressane  cistriictics  ass=it£  a  resitics  of  ceraratics  Sy  «^scsol  J  for  eaatde  as  abacs 
is  H£-l-;  it  is  set  dear  be v  far  t sis  ssereass  ras  Sees  fo22ca»i  cs- 

2Sa  dear  fieic  Sdssc  a  sao  catsicgal  aerofoil  ease  tbs  Tiae  sis  sersrasec  (e.£.  asse 
ciararteristics,  estrsistsst  effects, jjseaerai  feaesggfc  csaracteristics)  Sas  sot  reeerrec  scfficiest 
attestics.  Siirersseis  asc  Satsoff  ^-T/  leeksi  at  fsvaxzab  fidcs,  saisly  fer  atradec  fioa,  zbibsogs  soot 
ezaxsasias  cs  so  essirical  2erel  seas  cires  to  tbe  dear  seyaratics  case- 


xbss  slats  as,i  fJrss  are  istroercec  tie  crtfrsr.  systSesis  of  slat— vis^-das  cadisatics  to  gire 
sariasi  lift  seess  to  ce  ases  tse  zaoacsay  layer  is  ett  tbe  joist  of  sejaratics  ail  alcsg  tie  aerofoil  srger 
-ssrfsce-.  Hew  eassbeaes  is  scab  a  case  leads  to  a  crastic  asd  ssdaes  lift  lass-  *i  tie  rrasest  tisae  it  is 
sot  seaside  to  calculate  tie  isci cgso*  for  tie  ccset  of  flew  seraraticc,  ralrlj  Secasse  of  tie  isteracticr 
of  tie  dews  ietaeer  tie  slots  asd  tie  wales  frat  tie  ssstross  sorfaces-  Store  e=ri2sis  aftexslc  ce  sires  to 
tie  ciaracteristics  of  slat-wirr-dar  a-rargesests  well  ai ore  CL 


So  stories  eitier  tieoretical  cr  easeritettal  of  tie  sesaratec  dew  field  bcrisc  2  slat— virg- dap 
arrargecesi  are  issws  to  tie  artier,  it  is  possible  tiat  csce  this  dew  field  ras  separated  it  ierares  is 
sari  tie  rare  wap  as  tiat  cerise  a  sisgle  aerofoil  vats  tie  ssse  raises  of  C.  arc  Cy  iewerer  this 
ssggestics  sefcds  to  be  ciesied-  *'*  ’ 

Is  all  of  tie  abere  psesosesa,  as  isneed  tircs^icrt  this  wiole  field  of  dew  ceparaticr  ssd  breaidcwr 
tie  effects  of  Sepsolcs  srsber  is  of  rsrasorsi  irsortasce-  Ir  a  wire  tassel  crip  results  free  sedel  tests 
at  sufficieztlp  rigs  Sepsoics  rsder  will  be  isdicatire  of  tie  tppe  of  dew  separatjnr  arc  breaiccwr  of  tie 
fall  scale  secticr.  iiat  is  sot  so  clear  is  that  esee  dew  sepa ratios  iss  oc cared,  isw  lesg  does  Sepaaolds 
easier  reals  a  farcasestai  paraaeter  is  tie  sabsecaert  rmaticr  of  CL^,  C^,  Cj,,wase  ciaracteristics, 
ccwrwari  field  -tc?  Fresssablp  csce  dew  breaid oar  tales  place  sear  tse  leadisg  edge  boti  Bepsoids  curie r 
asd  secticsal  profile  siape  be  core  less  sigrificast. 

A  cifficsltp  is  wise  terrel  testisg  vies  seassrisg  two  cisessiosal  ciaracteristics  is  tie  sairtesarce 
of  two  cisessiosal  cosditioss  csce  tie  flew  ias  brolts  cows-  Cosaierable  differesces  is  static  bpsteresis 
effects  is  CL  above  are  soticable  is  tie  literature  cs  tie  sase  aerofoi ls} tie  rearer  is  due  press sablp 

to  diffensg^tiree  direrSioral  repara  tier  patlerss  12  various  wire  tussels- 

Stall  bp  defisitics  lsvolves  a  cpraric  rasoeuvre  asd  so  tie  effect  of  tie  rate  of  iscrease  of 
iseicesee  os  tie  developsest  of  dew  breaidovs  asd  tie  rate  of  decrease  of  iscidesce  os  tie  flew  reattacirert 
seeds  to  assessed.  Tsere  ias  bees  cossiderable  wori  os  two  cisessiosal  aerofoils  cccillatisg  about  seas 
high  iscidesces  is  relation  to  the  perfersasee  of  helicopter  rotor  blades.  As  shovr  is  Fig.?  there  is  as 

iscrease  is  C,  sax  cue  to  tie  rate  of  iscrease  is  iscidesce  above  the  static  C,  bat  the  loss  is  C.  can  be 
.  .  . ,  L  ,  L  uax  L 

coscicerablp  iscreasec. 


Is  this  era  of  V/S301  cor  figurations,  of  blows  flaps  asd  wings  is  slipstream,  the  effect  of  scan 
flow  shear  is  isportast.  A  significant  asd  continuing  contribution  is  being  sadc  at  tie  Cornell  Aero, 
la  bora  torp;  fef.^  is  tic  latest  publication. 
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IE*  eKSeeS  of  mesa  ££ew  sEs*r  cb  two  drasmsiemal  aerofoil  eEaractorirftnes  Ess  Bees  measured.  2*rj pt 
effects  Esve  Esem  c&sene<i  is  ampmeeSaEle  shears.  SEssretscal  satEsis  Errs  Esea  ssaatssfml  £k 
predmetimg  presses*  dmstriEettiflBS.  at  fariteaes  EeScof  Slav  sera rafcsas.  Scot  ••care  zs  needed  wBjb  esapsrins 
results  from  different.  go  crass  sssoe  there  is  a  degree  of  asSatrasdsess  £m  thr  defsritSec  of  thr  reference 
dynamic  sresssre.  Sigstfissri  effects  cc  tEs  flew  SreaV-iSjac  eEarmsteristies  Esse  also  been  sEaeraed. 

Iscseassgg  tEs  free  stresses  EseE  san£er  fstro&ces  fcrtEer  mndnfrextscBS.  She  angle  of  rsr^&rme  *£ 
wEreE  a  trailing  edge  s>srara.tneB  ©assrs  dscr esses  wi2E  free  stream  EscE  msEer.  SEs  angle  «*  which  a 
leading  ec^e  ’Ee&Ele*  bursts  Ss  little  affected  Ey  EssE  number-,  Est  a  critical  stage  is  readied  wtas  tEs 
"EdfiSe*  is  ssmur  eared  Ey  tEs  local  flow  beaming  sucernsBic,  drew  seraratiea  ties  deceadr  «s  tie  smEceeasmt 
sErck-Ecc=d£ry  layer  imteractrcB.  Or  gideraEle  esr'-asis  is  being  gives  is.  present  day  research  to  tEs 
profilers  of  delaying  tie  drag  rise  Each  ncaSer;  Ey  apprcpriste  design  tEe  aerofoil  profile  is  shaped  to  sire 
sEsdb  free,  or  weak  stack,  flow  esnditsams  at  a  cruise  omditicn.  Si  Eigier  incidences  tars  thr  erase 
issi dears  £n&ee  first  Eacrdary  layer-  separation  asd  then  Etaffet,  which  is  oftea  intense,  the  calces 

of  C„  at  which  these  effects  eessr  is  cscally  Eelsar  C,  2Ee  mais  desigs  problem  is  to  restrain  tEe 
intensity  of  Ecffet  ao  tEat  tEe  Eiger-  raises  of  CL  cecas  utilized  for  increased  saateorrraEility.  fhese 
acsects  are  to  E*  covered  Ey  «iher  esntriEcticcs  to  tEis  csmference  prccegcings  so  oiErjr  r^s-ics  are  passed 
cb  to- 

5-2.  H32SS  5tE33  CEtSaggSggaECS 

Attesttca  is  sow  tsraed  to  finite  wings  at  lav  speeds.  *SEc  first  cpeatiom  is  how  isr  erne  car  apply 
tse  scanty  knowledge  of  two  dimensiissai  aerofoil  seeticcal  cEarasteristics  to  tEs  sere  Practical  tEree 
dsmemsiecail  profilear.  Far  a  sen-swept  -wing  of  moderate  to  Erg  aspect  ratio,  constant  -Es-yd,  cacstasi  section, 
asd  rero  twist  SEs  magi mem  local  Cj  -rill  Ee  reached  is  symmetric  flaw  is  tse  wing  cec  re  regress  asd  so  tEs 
flaw  separation  ard  EreaE&wc.  wiH"oecsr  in  tie  irEcard  regie— .r.  i'itE  szssa.se  taper  tEtce  rs  a  sEift 
ectocard  cf  tEs  aarism  sectrecal  lift  cceffterent,  accacpasisd  Ey  a  decrease  is  sec-  tcsal  Ssgolcs  cca£*r; 
EotE  of  tEsas  effects  tesd  to  sore  tEe  cncet  of  flaw  separairen  cctccard.  I&toact  cs  t  Ee  med  to  control  tse 
pcsitira  of  flow  separation.  Calculation  of  tE*  pcsiticn  of  tse  asset  of  flew  separr  ties  on  a  nm-swept  wing, 
dstemisrss  in  tEis  cans,  C,  _  -Eased  ca  a  lifting  lice  saSsl^tBang  sectressl  <Ean  rtevisties,  is  descriEed 
in  Sef.  5-  =ct  tEis  stsdy  ebes  net  go  Eeysnd  tse  stags  of  tne  onset  of  separatiar  to  d;  sense  tEe  rate  of 

nrcgressicc  of  tie  flow  sesaraticn  to  drtercira  C.  asore 

-  i,  mar. 


^resalen  of  flew  ErraEdran  cases  an  interesting  prcclen.  Cnset  of  flow  .-rparaticc  dspencs  cn  tse 
res.  -  zy  of  tEe  Eacrdary  layer  to  renain  actacEsd  to  tie  wing  srrfsce.  Cnee  tE-,  flaw  has  separated  tsen,  as 
in  ii_  two  dinensienal  ease,  tEesa  is  an  interaction  Eetaeen  tEe  pressure  drst~iEctic=  as  ir> Erred  Ey  tee 
separated  flew  and  tse  effect  of  tEat  pressure  distriEaticn  cn  tse  Eacrdary  layer  cEaracteristics  wsicE 
inflcecee  tse  separation  cEaracteristics,  tEe  final  result  is  a  cccplez  Eaian.ce  of  ZEese  two  effects.  In 
tEree  ctnensiccrs  it  is  tse  lateral  cragsessicc  a&icn  is  of  crinary  interest.  As  far  as  tEe  overall  field 
of  flew  is  concemec  if  tsere  is  part  span  reparation  ikes  itere  exists  a  regies  of  separatee  flew  adjacent 
to  a  region  of  atiacEsc  flew.  And  Eeeanse  of  tEe  crsecctinrity  in  lift  Eetween  tse  two  regiens  trailing 
Tcrticity  Eton  tse  two  regions  is  created.  Ee  CTcrall  effect  of  tEe  cjwsaasE  relecities  induced  Ey  tse 
part  span  trailing  uerficity  is  to  decrease  tse  effectire  iscidesce  of  tEr  sections  in  tire  attained  flew 
regies  CtEns  decreasing  tse  tendency  of  tEe  flew  to  separate  in  tEat  region)  vEile  at  tEe  sane  tine  increasing 
tse  effective  iscrds nee  cf  tse  secticss  in  tEe  separated  flew  region  (tEns  sore  fimly  estaEliaEsg  tse  flew 
separation  tsere).  It  Eas  Eeer  experienced  tEat  cn  a  clean  wisgCslats,  flaps  a;  ns  stall  control  ce rices) 
at  flew  separation  tse  initial  progression  of  flow  Eneaccswn  is  rapid  srer  a  significant  area  of  tEe  wing 
surface  and  tEat  it  stabilises  at  far  slower  rate  of  progression  witE  fnrtser  increase  of  incidence. 
isetEer  cr  not  lifting  line  netEo-js  nsing  sectional  data  wits  flow  separation  conic  Ee  extended  to  assess  tse 
lateral  progression  cn  sen-swept  wings  is  sot  known;  lifting  line  theory  would  incorporate  tse  influences  of 
tEe  separated  and  ren-separated  flow  regions  as  described  atone. 

An  inrertant  inplication  of  tse  aicre  argunent  is  tsat  tse  nair  region  of  flow  breaicewn  will  Ee 
rtaEilizec  and  localised  to  tse  region  vnere  flow  separation  is  initiated.  Seynolds  ruuber  can  bare  a  cost 
inrortant  effect  sere  for  it  is  possible  tsat  tie  position  wsere  flow  break  down  starts  is  sensitive  to 
Eeynolcs  nuuier;  results  of  Hew  separation  and  progression  of  flew  breakdown  at  ore  Seyrclds  nunber  could 
tEen  be  totally  different  free  tie  results  at  another  Eeysolds  nunber. 

•sen  tse  wing  is  swept  the  sectional  characteristics  loose  their  significance  in  the  process  of  flow 
separation.  Usually  flow  separation  begins  in  the  wing  tip  regiens  first  because  of  the  thicker  boundary 
layers (which  are  created  by  the  outboard  flew  in  the  overall  three  dinensienal  boundary  layer),  and  secondly 
because  of  the  increased  strearwise  pressure  gradients  in  the  tip  regiens  compared  with  the  ce crease cpresj-” re 
gradients  in  the  centre  regiens-  Once  the  flow  separation  is  initiated,  the  initial  progression  in  usually 
fairly  rapid  and  again  this  stabilizes  for  an  incidence  range,  in  a  similar  manner  as  that  described  a  so 

Ihe  surface  flow  pattern  when  the  flow  has  separated  depends  mainly  on  the  wing  sweep;  for  low  sweep 
(less  than  by)  the  surface  streamlines  show  a  large  'swirl*  pattern  whereas  at  high  angles  cf  sweep 
(above  55°)  the  separation  pattern  shows  a  'herring  bone'  pattern-  (rig-3). 

Of  these  two  patterns  the  'herring-bone '  pattern  is  the  more  understandable,  since  it  is  associated 
with  the  organised  rolled-up  leading  edge  vortex  which  has  been  so  thoroughly  investigated  in  relation  to 
t hr  flow  about  slender  wings.  But  the  large  ’swirl’  pattern  on  a  wing  with  moderate  sweep  is  sore  difficult 
to  interpret;  in  this  case  there  appears  to  be  reverse  flow  in  the  tip  region  induced  by  vorticity  shed  from 
tte  leading  edge  ’-egior  but  what  happens  in  the  intermediate  region  between  the  separated  and  attached  flow 
regiocs  is  not  clear.  Kore  work  is  required  on  the  flow  characteristics  in  the  region  of  flow  breakdown  to 
estafcl  sh  the  distribution  of  vorticity  and  flow  characteristics  above  the  wing  surface.  A  further 
complication  is  that  surface  flow  patterns  car.  be  misleading  since  there  arc  rapid  changes  in  flow  directions 

away  fr.-u  the  surface-  Apart  from  the  classic  paper  by  Kuchemann(7)  in  1953  there  appears  to  be  little 
subsequent  thought  given  to  these  qualitative  aspects.  ^ 
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is  far  as  is  Sanaa  egcaiml  atlas  of  dtsl® a  feta  for  swept  fengs  his  sat  lees  aattliaij  jurxsed;  tests 
*SS2s  vsshsct  angles,  sate;  sestiensl  nriatiass  etc.  voaH  be  rectssred  to  fern  a  basis  ef  as  esjlrieal 
theory  far  tbs  rrefectiss  flew  seasrattita  breakdown  and  y'ogressfos. 

Crstroi  of  the  progress! art  af  the  stall  ea  a  sveyt  v£r$  is  efts*  obtained  by  jndiescxs  erpSiestion  of 
devices  safe  as  fences,  mrter  generators,  notches,  lending  edge  droop  etc.,  aress  ingenuity  has  gone  isto 
the  satcessfcl  develnpreni  ef  sany  of  these  devices  bet  the  aerodynsaiie  behsriocr  of  sany  of  these  devices 
Is  still  sat  felly  endersroed.  Star  maniple,  fences  at  the  leading  edge  usually  induce  a  vortex  at  bags 
incidence  os  their  irreard  surface, this  vortez  essentially  cats  eff  the  inboard  boundary  layer  frost,  the 
outboard  boundary  layer.  Sane  basic  work  on  fences,  at  last  Seymlds  ssabar,  has  bean  dme  by  Eas'®'  and  by 
Meier  ard  taarford  art  the  sshtlet ies  of  fenm*  length,  height,  ascent  ef  wrap  round  the  leading  edge,  fee 

fern  of  the  contour  etc.,  are  still  unresolved.  Vertex  generators,  at  least  for  control  of  flaw  separation 
free  shock  boesfery  layer  interactions  hare  bees  felly  discussed  by  Faareey'*0'*-  Cse  of  the  sere  ingenious 
devices  is  the  '“rortiics01  developed  at  EscgEas  Aircraft  CO.  far  the  E.C-5-;  the  vcrtilos  is  essentially  as 
undersurface  leading  edge  burp  which  at  high  izeidsnee  creates  a  cartes  over  the  taper  surface;  this  vortex 
sat  only  controls  the  wing  coper  ccrface  heesfery  layer  etst  also  induces  a  favourable  featswash  field  at  the 
tail  plane  for  as  overall  ssse  dsvu  accent. 


Cn  esesercsal  aircraft  stall  control  feriees  are  scstiy  secessary  is  ecnjuucticn  xtth  the  high  lift  flap 
asd  slat  oysten,  opticus  positioning  has  to  be  obtained  by  the  rise  canssaing  process  of  trial  asd  error 
rarsly  is  flight-  Seysolds  nurber  effects  are  arsis  sast  isportast,  tests  is  teasels  at  unrepresentative 
Seyrolds  spacers  css  be  stsleaclsg.  Shis  statesest  is  also  applicable  is  proving  the  high  lift  system  itself. 

As  already  cesfcicsed  another  class  ef  problem  concerns  a  wing  is  a  slipstream  for  application  to  easy 
SHE.  ccsfigsratioss.  Slipstream  effects  cs  finite  wings  hare  bees  isrestigated  throughout  the  past  fifty  years 
with  scce  measure  cf  success  asd  csferstasdisg,  bet  the  limiting  ease  of  flax  separatics  arwd  brtaidtvr  safer 
safe  cssditioss  has  sot  received  as  safe  attention.  Scse  useful  seassresests  hare  bees  safe,  for  example  by 
rrenbrm  (H),  bat  the  interactics  between  the  regioss  cats! die  the  siipstreas  asd  the  regress  inside  the 
slipstreas  fees  flex  separatics  cccars  is  extremely  complicated.  A  largo  sasber  of  investigations  os 
particalar  SHE.  type  ecsfigaraticss  hare  bees  tested  bat  as  far  as  is  kuevn  so  attempt  has  bees  safe  to  extract 
asd  synthesis  asy  of  the  fesfesesial  background  isforsatics. 

5-5  ECOEMSm  SglES  ASD  5KH.  SrgCZnSgSS 

Plow  break  ^.vn  cs  the  sais  wing,  together  with  the  progression  of  the  flee  breabcovn,  ferss  a  large  vabe 
feife  affects  the  effectiveness  of  the  tail  place-  Since  aircraft  stall  involves  the  aircraft  as  a  feole 
this  flex  en virement  feci  the  tailplase  is  of  paramount  importance.  both  tie  eyeme  pressure  field  v« this 
the  separated  regies  -sc  the  dews xafe  field  abort  the  tailplase  seed  to  be  brows. 

A  large  sssber  of  tests  hare  bees  safe  or  tailplase  effectiveness  itseli  for  a  vide  rasre  of  visg- 
tailplase  ecahisaticss-  IJptism  arrasgesests  hare  bees  espirically  fenced  esc  oasags  graces  bare  fees  craws 
cp.  Direct  isrestigaticss  of  the  flew  fields  thesselres  severer  are  few  arc  far  re  trees-  Sat  fee?  stall 
feesccesa  vas  as  iscestire  to  isrestigaie  sooe  of  these  flew  fields  ha  specific  cases,  for  exarpie  cs  the 
Javelin;  asd  it  vas  csiy  by  lociisg  is  sc cae  detail  at  the  flow  field  issife  the  cccpietely  separated  -wabe 
that  the  tailplase  fesigs  cs  the  5C5  vas  finalised. 

At  S.K.C.  sees  prelisisary  esperiseats  hare  bees  safe  of  tie  flow  fields  behind  svept  visgs  -with  part 
sees  separatics.  A  »ypical  set  of  resslts  as  chows  is  Ptg-i-  Sxperisestal  re  colts  are  shews  for  the  flew 
field  behind  a  sept  visg  (asect  retie  4.0,  angle  of  sweep  w2j°)  at  lew  speeds  is  the  seigtbosrhooc  of  a 
tailplase  fees  part  spas  flow  separation  exists  orer  the  aster  JO£  of  the  visg  surface,  rbg.t.l  shows  the 
total  head  loss;  there  appears  to  be  tvo  regioss  of  loss  of  head,  one  is  associated  vith  fee  tip  vortex 
which  still  retains  its  identity  and  an  inboard  region  aremd  Js/i  5  icsgitscinal  velocity  seasnresents  show 
large  decreases  in  streanvise  velocity  in  these  regions  of  beat.  loss.  Fig.  4.2  shews  fee  csvsvash  field; 
large  charges  in  dowswash  appear  around  fee  tip  vortex  anc  the  cownwafe  pattern  inboard  of  fee  tip  about  3s/4 
suggests  a  rorticity  field  in  the  sane  sense  as  the  tip  vortex. rig  4.5  shows  fee  sifewash  field;  there  appears 
to  be  a  lack  of  synnetry  ic  si dewash  flow  above  and  below  fee  wabe,  sore  si cewash  is  present  in  the  lover 
regions  of  the  wabe,  inboard  of  fee  tip  vortex,  than  in  tee  upper  regioss  of  the  vabe.  Finally  rig.4.4. 
gives  a  qualitative  guide  to  fee  rorticity  field  as  derived  frets  fee  reasi.,  resent  of  the  downvass  and  si  cewash 
velocities;  there  is  a  large  concentration  of  rorticity,  as  expected,  arowtic  fee  tip  vortex  and  there  is 
another  concentration  inboard  about  which  ties  in  with  the  total  head  ueasuresents;  little  rorticity 
appears  in  fee  upper  vabe  between  these  tvo  regioss  of  con centra  tec  rorticity,  it  should  be  noticed  that  there 
is  a  region  of  negative  rorticity  inboard  of  s/2  in  the  lever  vabe  region,  this  could  possibly  be  interpreted 
as  the  inage  rorticity  shed  fron  the  trailing  edge  of  fee  wing  induced  by  the  part  span  rorticity. 

Very  little  fuscasental  infomation  seers  to  be  available  on  the  cownwash  anc  flow  fields  behind  vmgs 
with  slats  and  flaps  extended,  when  the  flow  has  separated.  It  is  not  Known  what  is  fee  influence  of  the 
slats  and  flaps  on  the  covnvash  field. 

Again  the  effect  of  slipstrean  on  the  cownwash  field  especially  m  the  stall  condition  is  another  nayor 
area  where  sore  insight  ani  infomation  is  urgently  rc  tuirec.  Difficulties  hare  arisen  m  this  respect  on  at 
least  one  contes :orary  airc-aft  a  considerable  auount  of  t.ne  was  required  to  ferelop  a  satisfactory- 
solution. 


5-4.  KISCSLLWS0U3  TOPICS 

A  r.unber  of  important  areas  renam  which  are  briefly  catalogued. 

1)  Ground  efftets  arc  extrenelr  irportant  especially  .r.  the  nc-difications  of  the  cownwash  and  is  the 
flow  field  afcou*  the  tai  1  plane ;  little  infomat.cn  seezs  to  be  available  on  the  ground  effect  v'-er.  ‘he  flew 
has  separated  about  the  cam  wing. 
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2)  Although  flew  hresstdaa  is  as  issortart  aspect  off  stall  tarelapBasmt,  flew  hresib&va 

regressies  is  as  important  swpeet  ei'  stall  reentry;  this  aspect  cf  £la*  hehsneem-  fees  tot  appear-  to  be 
merticred  is  tfcsr  literature. 

5)  J^sacsc  effects  rc  tbs  rregrersscs  of  flew  separatees  es  fisite  virgs  is  jet  smyther  area  is  which 
isfcrsatica  is  rsarer- 


Jtert  fssferestal  stciies  es  flow  separatist  tend  to  be  purely  sjssetrie,  scire  erssidrratieo  should 
be  sites  to  tbe  effects  of  lateral  ’tmymuetry- 

5)  It  is  moot  important  to  realise  chat  istteresis  is  tbe  fluid  erratic  problems  of  aircraft  stall  20 
tot  cease  abet  tie  flea:  ias  broker  bias  aver  a  regies  of  tbe  virg  strfaee-,  isrestigattegs  t»  to  extremely 
high  immidemtes  are  eftes  neeermary- 

22S231523SE1I.  SSSS5BG 

It  is  aseepted  that  tbe  sais  design  tool,  fcecsse  of  tie  istrissie  diffictlty  of  stall  predteties,  ias 
to  be  tbe  wind  tctsel-  It  is  asssaed  for  mow  tiat  tie  separate  test  fig  of  tie  wing,  attg  i  fuselage, 
taiiply*  esc-,  are  essentially  seopleteC  and  tiat  tie  overall  stall  characteristics  ct  a  coariete  model  are 
under  investigation.  Sfer  reliable  resslts  tbe  wind  tunnel  must  be  capable  of  generating  stffieiettly  high 
Srrtclds  numbers  to  represett  fcx.1  scale  behaviour;  attempts  to  simulate  bigs  3-yueIcs  effects  by  transition 
trips  or  reiiatse  cs  high  levels  of  tarhtslercr  is  tie  wind  frrrre'8  stress  are  select-  lie  eaesties  remains 
aiat  is  sufficiently  bigs?  lie  answer  eftes  depends  os  which  aspect  of  tbe  creoles  is  coder  eensiderarieg. 
As  far  as  tie  patters  of  flew  separation  cs  tbe  cars  virg  is  osseerced  eeeparisos  between  tessei  asd  flrgrt 
showed  that  for  SAC  1-11  oasfigcraticss  a  tassel  Seyrelcs  usurer  ©f  l!(f  (based  os  uesnebare)  was  ssfficiest 
aiereas  for  a  Trident  configuration  it  ass  sesessary  to  reach  d-10®.  Hswever,  the  issi  desses  vies  flea: 
separafcics  occurred  were  ahe~t  2  -5  higher  is  flight  ties  tbe  tassel  so  tbe  measured  ’raises  of  CL  asd  CL. 
voile  be  is  error  at  bigs  irniderme  altbosgs  tie  cralitatiTe  bebarissr  abate  tie  stall  should  sate  tees  s 
obtained. 


Although  as  ocriocs  obsersatics,  gecsetricar  sisilarly  heweer  a  sodel  asd  fell  scale  is  essential, 
tbe  fire  detail  is  ieporiast  is  flow  separatees  studies.  Engine  nacelle  arc  pylon  ccstocrs;  fairings  between 
fuselage  asd  visas,  asd  betvees  wings  asd  srsel.es;  undercarriage  details  etc.,  all  reed  to  be  correctly 
reproduced.  Vise  tatsel  models  are  constructed  is  tie  2-  1  D.  stage  of  tbe  aircraft  cesi gs  asd  it  is 
.■sorts:  to  ensure  tiat  all  of  tie  subsequent  desigs  sccificaticrs  to  tbe  prototypes  are  also  rscorpcrat ed 
isto  tie  vise  tassel  sodel  of  tie  complete  aircraft.  Xt  is  pertisest  to  «*rr  -deil.-r  adequate  vise  tsssel 
testing  is  undertaken  for  stall  investigations,  coterisg  tie  full  rang?  of  parameters  which  reed  to  be 
investigated. 

Another  problem  vsici  ties  arises  is  tie  rcrrectios  for  vail  interference  effects-  Horkage  effects  are 
large  asd  so  eorreetioss,  is  particular  to  measured  rolling,  yawing,  arc  pit  tars*  roses ts  are  obsesre- 
Hrotaagp  effects  cas  also  sedify  tbs  downstream  flow  characteristics  behind  a  vis*  with  fl~v  separaties 
leadiss  to  errors  is  measured  tail  effectiveness. 

Cue  point  which  requires  sore  thought  asd  debate  concerns  tbe  type  of  vise  tassel  testrsg  vbita  should 
be  ’rtoe stakes  eres  vies  scfficiestly  hrgi  Seysolcs  strtbrr  cas  be  attained.  Static  tests  os  a  sri  casotert 
balasce  cas  be  safe*  over  tbe  oxslete  rasge  of  iscidesces  asd  sideslip  angles.  Sisce  stall  sasoesrres  rsrolre 
cyresic  ratio ss  it  is  necessary  to  consider  first  vie  tier  cyrasic  tests  are  necessary  and  zf  so  viat  bind  of 
tests  sboulc  be  undertakes.  In  a  sense  both  of  these  questions  are  interrelated  for  tbe  couplexr ty  of  tbe 
deTelopeest  of  an  experimental  rig  has  to  be  balanced  against  tbe  urgency  of  tbe  results.  Bjsamc  oscillotron 
rigs  for  either  longitudinal  or  lateral  aerodynamic  derivatives  are  difficult  to  engineer,  elrsinatror  ot 
cross  coupling  effects  is  often  a  long  anc  arduous  process.  Even  so  vhen  operational  these  rigs  are  purely 
sinusoidal  vith  a  United  angle  of  incidence,  or  sideslip,  anplitude.  Sub.  results  nay  be  crrectly  applicable 
to  the  problems  of  virg  rock  and  limit  cycle  lateral  oscillations,  but  in  general  a  difficulty  arises  zn  tbe 
utilization  of  oscillatory  derivatives  to  a  stall  manoeuvre  which  is  non-linear  and  nen-osezilatory,  and 
involves  large  changes  in  incidence  end  sideslip.  Effects  of  frequency  os  the  stiffness  voulc  indicate  an 
order  of  nigritude  of  the  dynamic  effects  to  be  applied,  to  the  static  measured  derivatives,  usually,  however 
the  unsteady  effects  are  more  pronounced  on  the  camping  derivatives,  then  t're  difficulty  in  application  appears. 

Some  consideration  needs  to  be  given  to  whether  or  rot  special  rigs  should  be  cert  1 cpec  for  vine  tunnel 
stall  tests.  One  suggestion  fer  rengi tudusal  manoeuvres  is  shown  in  Fig-5.  Vith  a  hycraulic  servo-actuator 
a  large  scale  incidence  notion  can  be  initiated  and  the  instantaneous  loads  asd  moments  measured.  A 
similar  arrangement  could  be  set  up  for  the  sideslip  -  raw  combination.  Here  again  the  specific  problem  of 
sting  interference  can  be  significant  if  the  flow  about  the  rear  fuselage-fin- Sailplane  is  modified  by  the 
presence  of  the  rear  mounted  sting. 

Measurement  cf  the  levels  of  buffet,  and  fcuffettir.g,  ir.  vine  tunnels  and  the  interpretation  of  these 
results  for  the  application  to  full  scale  aircraft  is  a  na.ior  field  of  research.  Trailing  edge  pressure 
divergence  seems  to  be  established  as  a  general  technique  for  the  indication  of  onset  of  buffet  and 
subsequent  buffet  intensity. 

As  an  intermediate  stage  between  vine  tunnel  testing  and  prototype  flight  testing  ccnsi cerat.on  is 
also  being  given  to  the  possibility  of  using  free  flight  models  to  check  out  the  predicted  behaviour  n 
potentially  hazardous  stall  areas  from  earlier  wind  tunnel  measurements.  Such  techniques  are  already  being 
used  for  the  investigations  of  spin  recovery  of  models  of  fighter  type  aircraft  dropped  from  helicopter. 

Models  for  the  purpose  of  stall  investigations  vith  their  associated  guidance,  control  anc  telemetry  systems 
would  be  necessarily  complex  and  expensive;  however,  it  is  hoped  that  this  aspect  offsets  some  of  the  hazards 
m  flight  on  the  full  scale  aircraft.  One  disadvantage  of  the  free  flight  experiments  model  is,  the 
relatively  low  Seyr.olcs  number  of  the  model  m  flipst;  since  Heynoidr  number  i«=  so  i-portant  it  is  imp. native 
that  tr.c  flow  behaviour  or.  the  model  represent  full  scale  conditions-  otherwise  the  interpretation  of  the 
results  could  possibly  be  dangerous. 
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Is  this  iEirsfchtcry  rate  as  ettessi  has  bees  rede  to  relate  the  f!si£  dynaie  rrchlerrr.  associated 
vith  flew  seyarsiics,  fEcsr  hreahdcas,  cregresicg  of  flew  hr eaidcas,  csd  the  ortrall  vsie  field  to  the 
grahlea  of  aircraft  stall.  *££sh  is  essentially  a  flight  aaethasics  thesamrsa,  is  vhieb  the  pilot  slays 
as  isfZnsstial  rale. 

Csless  the  research  eesdf&safiist  appreciates  exactly  ahst  sere  the  Hcid  ^sarsc  prehtese,,  and  realises 
the  osetext  is  a&ieh  fisid  djsanic  iofcraatica  is  ssed  he  is  is  danger  of  dSggfsaSaa  from  the  mess  prohleas; 
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COMMENTS  ON  PAPER  1 

prepared  by 

Thomas  C.  Muse 
U.S.  Dept,  of  Defense 


It  is  a  sincere  pleasure  to  participate  with  you  in  this  meeting.  The  sulyect  of  aircraft  stall  is  of  prime  interest 
to  everyone  involved  in  aircraft  design  since  it  spans  almost  every  aspect  of  aeronautical  research  and  development  — 
fluid  dynamics,  inertias,  boundary  layers,  stability  and  control,  power  effects,  piloting  techniques,  Reynolds  numbers, 
practical  hardware  design,  wind-tunnel  and  flight  tests.  It  is  an  overview  of  a  wide  range  of  technical  challenges  that 
Prof.  Hancock  has  so  ably  presented  to  you  in  his  opening  paper.  He  has  covered  the  many  and  varied  aspects  of  the 
very  complex  stalling  problem,  putting  them  into  the  proper  overall  perspective  and  expertly  identifying  the  most 
important  factors,  but  not  going  into  such  detail  as  to  detract  from  the  papers  on  specific  subjects  to  be  given  by 
later  speakers  —  an  expert  and  professional  job  of  whetting  one's  technical  appetite. 

Prof.  Hancock  also  has  properly  stressed  the  importance  of  good  stalling  characteristics.  Let  me  take  a  moment 
to  reinforce  his  argument  for  more  and  better  research  and  development  in  this  area. 

Almost  two  years  ago,  when  examining  the  U.S.  programs  for  research  and  development  fji  the  spin  area.  I 
obtained  some  rather  striking  statistics.  The  data  were  presented  several  months  ago  at  a  Spin/Stall  Symposium? 
sponsored  by  the  U.S.  Air  Force  at  Wright  Patterson  Air  Force  Base,  Ohio.  Some  of  you  are  familiar  with  them. 
However,  they  may  be  new  to  others,  and  I  think  they  are  so  appropriate  to  the  present  subject  that  they  warrant 
repeating. 


TABLE  I 

U.S.  Military  Spin  Related  Aircraft  Losses  1966-1970 


Spins 

Stalls 

Loss  of  control 

Total 

Investment 
aircraft  losses 
(S  in  m  illions) 

Army 

- 

- 

- 

18 

S  1.4 

Navy 

31 

30 

- 

61 

121.6 

Air  Force 

31 

44 

62 

147 

244.0 

TOTALS 

62 

74 

62 

226 

S367.0 

Table  1  gives  some  statistics  on  U.S.  Military  Spin  Related  Airciaft  Losses.  An  attempt  was  made  to  classify 
these  accidents  as  stall,  spin  or  loss-of-control.  The  Army  accidents  have  happened  at  such  a  low  altitude  that  it  is 
hard  to  classify  them.  Accordingly  they  are  listed  together.  For  the  five-year  period,  1966  through  1970.  there 
was  a  total  of  226  accidents.  The  investment  costs  alone  of  those  airplanes  have  been  estimated  to  be  8367M. 
Fatalities  have  not  been  included.  A  rulc-of-thumb  is  that  military  fatalities  are  about  one-half  of  the  number  of 
accidents.  That  means  that  out  of  226  accidents  there  would  have  been  over  100  fatalities.  It  is  dear  we  arc 
paying  a  very  high  price  for  not  having  good  spin/stall  characteristics. 


Table  11  shows  the  total  accidents  and  the  spin  accidents  for  the  U.S.  military.  There  were  slightly  over  3000 
total  accidents  for  that  five  year  period,  226  of  which  were  classified  as  spin/stall  or  about  7 7c  of  the  total.  These 
data  are  not  precisely  accurate  because  there  was  a  comersion  from  fiscal  year  to  calendar  year  without  a  monthly 
breakdown. 

When  the  data  were  initially  compiled,  the  primary  interest  related  to  the  m  litary  situation.  However,  some 
data  were  also  collected  relating  to  general  aviation.  These  data  arc  given  in  Table  JII  and  were  supplied  by  the 
Federal  Aviation  Agency. 


t  Stall/Post  Stall/Spin  Symposium.  15  17  December,  1971.  Sponsored  by  the  U.j.  Air  Forte  Aeronautical  Systems  Division  -  Flight 
Dynamics  Laboratory,  Wright  Patterson  Air  Force  Base,  Ohio 
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US.  General  Avntioa  Spa^fStaB  Amdewts  19tt-iM9 


To&d  Acc&ifzu  Desses  SpfrtfS&iS  Dads 

527 i  455  $599 

455 

=  .195  cs  20% 
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There  was  a  total  of  2335  accidents  is  jeensal  ziiz&o  ia  a  fora  year  period.  1966  feccraa  1969  as  ine 
information  for  1970  was  not  available  when  these  crabes  were  competed.  Of  these  there  was  a  toad  of  Coes' 

5000  deaths,  2nd  in  the  spin/stall  area  alone  there  were  .455  anra&rats  with  almost  600  deaths  These  statistics  grow 
a  ratio  of  spin/stall  accidents  to  total  accidents  of  about  20%  . 

Analysis  of  transport  accidents  reveals  that  of  the  600  repeated  from  1962  through  1969  only  7  fated  «aS  as 
a  primary  cause.  While  there  b  high  confidence  of  achieving  good  stall  dtiracterioks  for  transports,  substantial  - 
effort  may  be  required  to  do  so.*  For  instance,  data  presented  at  tbs  previously  mentioned  Spin  Svtaposaaa 
indicated  hundreds,  and  sometimes  thousands,  of  instrumented  stalls  are  required  before  acceptable  characteristics 
are  obtained  and  documented.  Clearly  the  losses  due  to  stall/spin  accidents,  and  the  costs  of  adder isg  good 
characteristics  in  flight  are  expensive  and  better  methods,  are  required.  .It  would  be  interesting  to  see  what  the  costs 
for  a  good  comprehensive  stall  research  program  would  be  compared  to  the  accident  2nd  aircraft  development  costs. 

By  far  the  major  effort  in  the  western  world  b  devoted  to  the  stalling  of  jet-driven  airoaft.  and  Prof.  Hancock 
only  briefly  mentioned  propeller  effects.  Most  people  would  be  happy  to  be  relieved  of  ever  having  to  consider 
the  propeller  slipstream.  In  fact,  in  reading  the  abstracts,  I  do  not  recognize  any  papers  on  that  particular  subject. 

Of  about  150,000  aircraft  registered  and  active  in  the  Ui>.  about  95%  are  propeller  driven.  Of  these,  some  50.000 
are  1-3  place,  single  engine  (100  hp  or  less).  It  b  highly  probable  that  this  type  of  small  general  aviation  aircraft 
will  always  be  propeller  driven  so  we  should  make  sure  we  are  doing  everything  possible  to  enhance  their  performance 
and  safety.  ; 

! 

There  b  another  aspect  of  the  stall  situation  that  should  not  be  overlooked.  Achievement  of  good  character- 
istics  should  not  be  limited  to  the  configuration  in  hand.  The  current  economic  facts  of  life  dictate  that  essentially 
every  military  or  civil  aircraft  procured  todoy  must  serve  a  rather  lengthy  life.  The  U.S.  military  B-52*s,  F-4's, 
C-130’s  and  A-4’s  were  laid  down  in  the  1950’s  and  they  still  form  the  bulk  of  our  inventory.  During  this  long 
life,  missions,  loadings,  inertias,  even  configurations  factors  that  can  have  powerful  effects  on  stall  characteristics 
undergo  significant  changes.  Initial  good  stall  characteristics,  therefore,  iike  powerplants  and  airframes,  should  have 
"stretch’"  capabilities. 
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ssiiert  cf  sfrerelt  stalling-  It  is  «eil  iasss  tlsst  ea  crg’iiMtg  infsaease  ca  toe  stilling  iasar iecr  is 
oscte!  ij  toe  tjpe  c?  12s»  is  toe  sepemticc.  isSSsle,  tiet  is  to  str  sfcetber  cr  act  t2e  tgarsief  22s» 
sill  resttasfi  to  tie  snrSese  after  it  bes  beteae  tsn-r.2mt.  s=a  interest  is  tie  s^iect  is  relate!  to 
tie  ieTelnposst  cT  a  mnpnter  grogrsn  for  tie  design  of  airXcii  sesticns  [ref.  1.25-  »e  een  distingnisi 
tnree  ness  topics  is  toe  inrestigetico  cf  sQaratica  isSnles.  {rig.  1} 

1)  tie  ledssr  Hear  leasing  tie  sail, 

2)  trsssitiea  to  turbulent  flw  in  tie  sepes-atei  shear  layer, 

3)  reattesisent  cr  feilnre  to  reattach  cf  the  turbulent  flo^- 

icrac  3  is  discussed  iy  serten  in  5ef-  3  *here  a  saetioi  .s  desesnbei  ahich  ensiles  =s  to  detenone  sdether 
turfcaleat  reattasinent  will  occur,  ©c  ^pl»  this  method,  the  position  of  trsnsiticn  is  the  separated  flew 
has  to  be  innvs. 

Cor  cr.-n  research  is  raielj  ccocemed  with  topics  1  and  2-  lie  second  topic  will  be  the  subject  of  as 
insestigaticn  which  will  be  started  later  this  year.  It  is  intended  tc  try  and  extend  the  second  author’s 
transition  prediction  method  fer  attached  flows  (ref-  i,5)  tc  the  case  of  separated  flows.  In  this  method 
the  acplificatica  of  unstable  disturbances  in  the  laminar  flow,  es  calculated  by  mrar.s  cf  1-neer  stability 
theory,  is  uied  to  predict  transiticn.  A  similar  method  has  been  developed  independently  by  Sn.ih  and 
Gahbercni  (?ef.  6). 

lie  present  paper  deals  with  the  first  topic,  the  investigation  cf  the  separated  laminar  flow  field. 
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asgSs  3  oT  S®5;  ta£s  ss  so  csscsftSstscs  aasSi  assassosscaE  es£ Sera*.  tSgsefesg,  £ S'  ag  »bic  t®  <seE— 
crsE-csr  t2g  sagarataJ  fSsnr,  ag  5*ag  to  css  egg  cS  t2g  tBESsacaj  asgssagSgs. 

fl-  Ewssssaste  aftrCBirr  Boss  Bey  Eayss  irr~°^r>te^-~rr«:  BaggJ  eo  tag  airtotE  gsoaiagg  JssssfBgcsos  EaaJ 
to  ft  saegr?.  sssaEc;  tass  aranEJ  ssaES  Easss  tes  astSi  tie  JsiSSsaSty  cf  ggsucfssg  tBcs  gsasaare 


aotcf.-ss  score  aa2  crrrt  tag 


2-  ttisg  tSe  5s2E  Stssas-^Mfigs  ftorasfos*  Cs  t2s  sa£gB5cc=Boa£  eff  t2g  s^eotSfeo  score  aa£  s*ce2s  tSg 
stsaEC  to  taernr  eff  Bcca&sy  layer  ssEssEtCssas  i*rt2asr  esay. 

3-  Ks*  seas  asssssotE  saEprarctss  ef  ft  sa225s£«o2y  50011  saorre  so  t2aC  sfr^Ee  eaoesEacoso 
saetScJs  so^C  Bg  o=g£  Ear  tag  sqpcrasasa  23e»- 

Esg  taosi  *55rsaco  as  galEsaagJ  so  ocr  acri.  2e  aaqS®  eoEsaEasseo  artama,  afifei  asEE  Be  cccEoarE  so 

ssstsss  esyEsys  so  ss^ssscaE  gcEtftaas  Bgisges  tBg  seycr «c£so  asjfl^s  r  asi  sase  yaraaetcr  ofcseo  cso  Be 

EsaoE  Ersrr  a  BosaBisy  Eiyw  coEtsEstseci^sCty.rs  eflT  t£g  stjaraoSso  ysfsC.  EC  acres  nsyrrpssate  to  csccaE 

Err  taos  jsogastes-  tag  StyicEEs  sne&gr  «c  seyioicios,  JeacCcJ  By  Js^Jj TBas  prran-cc  asEE  orC  Be 

fsJEaeDcaJ  sco  ones  By  dgCtaiBs  eE  tag  EEs*  so  tag  JsresC  sosossty  sE  tag  s^araCEoc  ycorC-  ESessEsee  £c 

cao  Be  erjesteS  sBet  ft  BcmSssy  Eaysr  tseEssEsSssa-  SaicJ  cs  e  ^gcrs-Be*  pttm  <£s3Cr5BnCscs,  *£2E  gsag 

C5\tl  astBi  ssEtEsscs C  ipsrsosry. 

-  sey 

EC  gst  as  s*ea  aEccC  tag  type  cE  scEcissa  to  Be  espesteJ  Betases  CS eoi  3  *e  »sSE  safist  tag 

Mt _ : —  # _ _ raa_  _ _ 


EC  get  ca  s*ea  a£ccC  tBg  type  cE  rrZsrtfso  to  Be  espsstei  Betases  t^s^.  eoi  3  sg  ssEE  safie  tBe 
EeEEcaoss  fcatstsacaBEs  !|  esrsojt Sacs..  ' 

C2l  EBe  sco-£orcsaafflc*E  prsssore  JistgiBcCtso  ctcso.*.  a  stags  rraSy  «c  a  S^'I*3  ftrgEr  eE  accssi  ts 
isriSspeafeot  cE  tie  SsyasEis  sseier  5U- 
2B esc  essopCsscs  Jc®2  to  tee  E«EIs*ios  rgEstisc 

. _ «„«  _  _ 1 _  #- 


teslT)=  "  •'  (31 

(— ) 

*  sep 

5o  -'Btso  3  is  e  cccsCsst  Ecr  a  gisgt  roiy  at  a  crj-  eE  actast.  Is  sics  cE  esasspCisa  (2»  it  EolEess 

teat  tBe  "essslest*  3  is  S3-  (3)  =sr  Be  fiifEcrest  Ecr  sepsaties  isciles  £es gltpiss  cs  £tEE«rest  Baiter  cr 
as  tie  ssoe  Boiy  et  iiEEergst  esglcs  cE  eCCs si¬ 
lt  sey  Be  ersaei  tB«t  3  Cssoli  Be  tie  sees  Ecr  eli  Btoiles,  iesgl^iss  osier  iiEEergst  srcJiscssiccal 
psessse  distriioticcs,  if  tig  Ee32wio5  eiitticc al  cssssp tints  (3)  rti  (t)  are  oeie- 

(3)  2»  fits  ess  Be  dessriBei  By  a  coe-jaraseter  Bossissy  layer  caloslatics  astiod  rot  as 
rfciilBeoses**. 

(i)  Tie  grsps  of  tBe  rr.lrcity  D  at  tBg  edge  cE  tie  Bcosdary  layer  ts  a  Esscticn  cE  1  Bat*  a  psist 
cf  isEledcs  at  sesaraties.  (Scar  eridstte  is  Eerosr  eE  assutptics  (t)  seeos  to  Eollc*  Ersst 
osr  f  periatsts). 

AltSBso^  tig  essospticss  (l)  tircori  (t)  say  Be  ijaesticseile,  it  vas  tios^BC  list  S5.  (3)  sa^t  Be  a 
gosi  reEeresce  Erase  is  -BieB  to  place  osr  experisestal  resslts. 

3-  IS  HrlSIKESIAl  i??A=ATD3  £JD  SOE  3233123 

Measoreoists  Bare  Bees  perforoed  cs  seres  differest  zodel  eosEigsratics*  (a)  tirsss^i  {5}  is  tfcr.-e  dtEEergst 
lev  speed  visdtossels.  IBese  ccsEigaratiess  here  Bees  isdicated  scsesaticaily  is  Hg.  2-  S  ce  details 
abest  tie  sodels  asd  esperioestal  teciaiqtgs  Bare  B*es  collected  is  Taile  1-  Is  ali  cases  rctsidered,  tie 
tbape  oE  tie  Erect  part  oE  tie  latdssr  separatics  Bobble  Bas  bees  deteroised  psctcgrapB:i  csj-iy  -  ?rcc  tie 
pijotograpB*  the  esgle  y  Betvees  the  diridlsg  streeolise  asd  tie  vai!  at  tie  separation  pc.rt  ccold  Bg 
deteroised.  Eiasples  oE  Elcw  pictures  Ecr  ccaEigureticss  (b)  asd  (d)  are  sBkws  in  Fig.  1.  lie  angle  y  is 
deEised  is  Fig.  5. 
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Qc  Sam  a*f  &tcn  asfie  asanas*  By  3a?o*  «r  taS  rarer  Sadie  sncsafijcsdi  nsfi®  t3*  gayerirttgia  BubSSe.  A  aesae 
sa^as  arutasfi  tee  gtag*  aff  aaaauarsrtft.  g*s  Bass*  fCTnaarerarB  TSy  atacs  off  *  w*22  tZassssaSs  fljacft  w£t± 
t$J®2  ass  gsafo  dtoarSrat. 

2a  sssugrSas  C*J)  CS*  EDtaft  wee  ftwnalftrft  &3£Sr  ts*  aeafitS  ras  ei*  ligtt  grawrf  tHrmgti  Ears  ifntdrag®*  ante: 
tttessxtt  sSfss  C-T-3  sac  u&frtj)  asa£  EBruugfo  tee  Erasur*arssc  Cgerugenl)  Essie,  gtece  sE  tee  aafaS- 
2a  tee  snsuasasas  CBS  sftnrugh  GjS  c2*  g&taftt^BW^B-rftgr  was  s3sc*22s£  axss£Sm  E*e  Enema!  ;  ss  tSirs* 
etsass  faae-gasiffi  Saaaas  8*sw  Bean  tnati  es.  Crsiff  s«  .tf^ftt  £a  SB*  Sagg  gtret  off  e2*  aepL-irtTos  BaB&S*  nr 
£  2K3*  SSgd»  SS3Uglg  C2*  g£g*  Off  3B3BSUr**EiC_ 

2£rac  gsmas**  Bane  Beea  Eafag  teat  scans-  laag  east's  c3g*raf2£r  Basis.  ’’its  E2e  gurges*;  ss  Eras  sa  *22. 
esses  Eire  gsasares  os  e2*  ES2=  were  Sanger  EBara  SB*  egtgnft2  fSsw  gBeasaea*  see  tB*c.  r-etecr  fte*  Sw 
StsitSSs  sis  S«  afssfngagBief!.  £  scSesense  ifirtasag  eff  the  gBacagagfifa  eqpsgaras.  as  naed  teEBi  carfSgrtcstr. 
feS  ts  aBsnta  £s  3tg  2- 

te*  ass  rssxSss  off  t a*  gssasns  fbgescfgSnga  css  sBsata  fs  ?£g  £  afiere  srssarsg  ua2aiec  cE  EraGyB  ass 
gascscg  -as.  EBe  aare=*sgt5s£ag  xtSte  oE  e2jt  Heyntifis  .easBer  as  aagrassSss  (B^J  -  2s  *22  esaes  at  rxEBer 
2c gc  mmfarr  <rE  gSnragagSg;  was  EtSas  Ecs~  ears  Saar  gssiaEnna. 

SEeBj  sasgegt  Es  EBe  agger  es£  eff  Ebs  rc®t  oE  C^sBagp  rs  a&rcnSg  2*  sated  Etas  as  SfgS:  5*yar3fia  waSurt  ESe 
Beuafley  Sager-  aaSS.  Besae  tasanSama  so  EBeS  ss  IsEratrr  aagesssssn  s£2E  sesar-.  £2os£  at  E2 as  g2xSs  £s  * 
ssrsss  sE  lau:  ogflaaensswagSTSSsSTm  aaSS  essir-  Errr  Baswsas  BTCID  sat  5222-  SSsa  as  s&est  groans* 
grafEssc  s.-rtiTirrsS-si  a£22.  gear  scSfas;  Sis  os  CJjEsu-,  *  STCO  £s  *s  eg gas-  2o£s  Ess  *  g2os  2£S*  t2*s  cE 
2H®.  6.  2a  s2*s  ESsjss  so  gross  Ess  »  722  £a®*  Baas  saws  Baraar*  as  «2*s  st^iss  tBs  aacsafiicssss 

<sE  at  snEESasars  aasaaS  aE  ssscSfcs  aaElrnr.  (gsaSaBsas  '5S®  EEsar  $»*  saws*  grsSTirm-  agassaas  ca*  arggs  -jr  £a 
sBxs  asgaas  as  so  •^»TI'°  Eras.  gaa£  aasoaraj  eE  aBs  sasacssaesss  eas  BnsESy  Be  saga rsef_ 

Sss  seas  cE  cBe  csaESsrrassass  Dtasefi  a2e  Saya-s^fis  msSc  Bes  Baas  xcSssE  By  rteeggas  s2e  a£sx£  sgasfL.  2a 
grrESssasfas  Ji)  *2so  t2»  Issga  s  ewr  -aBaaS!  sBe  BscaBcy  Isjas  fewTirrrf  crm2£  eaa£5y  Be  c2ac®Efi-  2a 
Ecrs  aresnssaass  Bess  Bess  saerfe  aE  s  *  tSO  sc;  K®  s=  as£  55®  sssu  Ssaesas,  cr2y  efie  rssxSss  Ess  s  •=  BgS  ass 
Base  Bess  ga*as  as  52$.  &-  25e  resnEEs  Ess  essESgsgaas  SiB  cs*  55®  *o£  55®  =ss»  »a£a£a  -ajEse  aor2aarf. 
sa  ESe  gse-gsasE  cE  E2e  gagas.  Baa*  Bass  2sEE  cue  asac-  £2sa s^r  sa  E2e  gse-gsarE  star-  <fcnBE  B*£  Bass  <es- 
grenarf  -aoS:  aggs£  ra>  c2e  xtBa-Bsay  cE  c2aae  straiESs  "tee  ESaaf  *e  aagagassas  wss  see  -aary  igeB^r  asf. 
see  aesy  E3is>-4aaeESS2aEE  assnsE  E2e  easaasEessare  eE  s£e  aessaS  BexSt"1-  Esace  teas  adifssssseE  Ag*a2ef 
seaansesaEEs  Base  sficao  cBaE  are  aftmEf.  saacE  Bests  "ItE  2a=st  xa2a«a=  cE  x  Ess  essESgsaEaas  ?4|  tee  ESsaf 

Sctei  sesgarE  Eo  tee  sEags  nrai  be  tee  aagassaeiEs,  tee  Etetsasag  restsSas  cas  Be  rscfr--  2a  criss  te>  <tege~r. 

*  ifrsmEass  teste:  soEE*s£e rtey  rasRtsBBes  "saEastB"'  aagastteas,  tee  snay  Bes^E  2i  teimisB  see  Be  te» 

23  aftcnEE  Be  sote  te*E  tee  2Eag>  gesesisei  as  eSsesse  gseasase  E£eB2  testei  inEeafo  esc  *  rfE-ctagEy  scrsoel 
co  E2e  wt22  tetefr.  as  Bargs  e&ee  E2e  Bo-jiScsy  Bayes  eBetSextsis-  BE  c2e  sseg>  BeaaBE  as  eBsaas  soo  sacBB 
EBe  argBe  f  ss  EsisaS  Eo  aESEeara:.  SesasaS,  aascas  sE  saetasscscEEs  teESi  <£s ETereaE  se»  Be^^Es  as  E2e 
gEEESgraEaass  ff£j,  |Ej  as£  CsJ  teensri  eBke  as  EBase  asas  aE  aas  csrtefsBy  anEESasaasa  so  sacce  Bi  easel  co 
gfses  c&r  Sccsx^sy  Saggy  cSStSsatsjs  girjpn?’  g£os> 

tee  rasters  s&can.  as  B2g  6  Ess  sBe  eaalSgsaEaoas  {fij,  {Ej  e*£  fej  sBB  seTes  Eo  ssssaEssEs  as  teaaS:  EBe 
aE^a:  were  acEEBasaaEBy  Sej^s.  riss  assEagaasSss  1*5  SBe  ssEBsaaee  eE  Bs  fiss  scE  Baas  saetaassi;  EBe  ssag> 
**rifrrt  caeJ  -a  teaE  case  -sas  4  — ^  teaaSs,  *E  rj«*. f-s  -aa*  ssse  e>»-'  tev  feemfif -y  Bayes  j- 

sjgar2Easm.  3s»ews,  as  SBe  Ba^E  eE  EBe  eBaasataEsass  ssxes  aBcxe  &!  say  Bex*  Bess  *  BatsBe  cos  aaaBB  se 
EBe  Baasest  teste  ageste.  BE  EBss  as  Esse,  r2e  ge=sEs  gsses  as  erg  6  Ess  EBe  BewesE  xtBaas  eE  ja»5^^,  ss^E. 
Be  ajaastesE  Eoo  Be«- 


Bs  geseoB,  as  eas  Be  sees  teas  rag  6  EBaE  tee  sassaseseaEs  ssBsesEe  *  sessacteSy  esagse  seBsEfas  BeEsees 
T  arte  (5.) _ -  tee  -xaBae  cE  EBe  "eacsEesE"'  3  as  2s-  (3|  as  aBccE  «>  Eo  22, 

5?  SCp 

Ssse  sesaBEs  cE  gseasase  (SsasaicEass  saesassaseaEs  sc  easEigstEass  fe)  ese  sScos  as  sir,  7  as  SBe  E«= 
eE  (fsTussaacBsss  TeBste^r  3  eE  EBe  elgt  eE  EBe  Bo=tes=y  Bayer,  tee  raBres  cE  C  Basse  Bees  fisEersaseB  Esas 
EBe  reosas-ei  gsessare  dastrabasasa  tescg  EBe  sraBl  By  esssaasg  EBei  p  as  ecssSaste  ears as  EBe  Bcoteesy  Bayes 
aoi  a^Byiss  5eaaoC22i*s  EBesres  cascade  EBe  Bemiesy  Beyer-  tee  saessared  dacteaBsEtess  tesar  e  eBstsariersc- 
tar  tesEEessss  eceeitBBy  tees  EBe  ceyscBds  ssdaer  as  Bear,  teas  EsaEEessrg  as  srpraSared  By  SBe  caBsteeEasc 
seiBod  to  Be  desrrsied  is  sertasc  1. 


i.  A~5 CTB3C52E  C43C3UB2CS  Cr  BSE  U2XtB  52055223  sdi35BEEE«  CF  SBESES2KS 


A  ctlcaiEiisn  sacEBod  Bss  Bees  dereteped  tedes  eas  eggrrsasadely  predict  EBe  2as£sar  EBccfield  dsno- 
stress  cE  separatics.  teis  aelBod  erpltys  tBe  its  Earteb  sscestss  isEegal  seletisn  rate  EBe  Eisct 
"’csspetiBdlity  caaiitisc1'  cE  EBe  bsssaissy  layer  egstiicss.  teds  cssditiflD  seletes  EBe  ccrrstsre  cE  EBe 
relarity  prcEile  et  EBe  v-all  to  EBe  sareessfise  presses*  gradient,  tee  EolBctess  f.ddiEiccaB  esscpticas 
are  sed*. 

1.  tee  essl*  r  cas  be  detertesed  Eras  (3^)^^  ly  as  erpirical  reletics  sate  ss  S»-  3- 

2.  tee  "separatico  strefteire*  es  d— fired  as  Fig  5  reseiss  straigrt  crrtr  x*e  Eoll  3esgtb  cE  EBe 
Bate ear  part  cE  EBe  babble - 

3-  tee  rererse  flow  rclority  profil—s  rar  be  represetted  By  EBe  Stevsrtsca  sesoed  braste  solstices 
cE  tBe  Faliser-Sbes  egtatics. 

It  riev  cE  otr  experisestal  results  aasutpEict  2  sees*  Eo  be  reasotable.  IE  would  set  be  diEficrlt  Bscwerer 
to  extesi  tbe  setbod  to  c erred  separatics  streaslir.es. 

It  sbould  be  ebserred  tret  tie  presssre  distribution  ia  EBe  separated  segica  is  sot  gireo  r  priori 
but  it  follows  Eros  tbe  calcclaticts.  Is  ctber  words;  EBe  pressure  distribution  is  deterudred  cate  tret 
tbe  assured  shape  of  tbe  separation  streaslise  (for  irsterse  straight)  is  cccpalible  with  ess -reties  1 
esd  3  asd  with  EBe  equations  used. 

Initial  conditions  white  are  required  to  start  tbe  calc Jlet ion  at  tbe  separatios  point  are  8  end  0. 
These  conditions  follow  from  tbe  boundary  layer  calculation  upstseas  of  tbe  separation  point. 

Details  of  tbe  calculation  re  tied  will  not  be  siren  bere  but  will  be  published  ia  a  later  paper  By 
tbe  second  author. 

Set*  prelitdnsry  results  of  tbe  method  are  shows  ia  Fig.  7  where  tee  calculated  pressure  distribution 
is  ccrpareJ  to  results  of  soae  aeasureneats  on  configuraticn  (c). 
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TL  Etajes,  J5-3-  ssss  Jfdratscad  Csguscr  ‘S&zZtzaZs&f  So  Aszo&sitsSsss  »  yspaa  £cr  asrfirsS  aestsss  (Stamps 
osSlSrS^E  aasgasasr  gragfisas.  CHS  StaSiae  series;  ta-.  Agasi  27^-25,  T5fi3). 

2.  Erases,  -~_TU  stass  CSs  S2e  dtsfign  of  assffl f£S  tftsstSsss  aftjftfrrStg  cssgasas-  grtgftsra-  0's  ErasrsStar,  ssi_  go, 
sr-  S®,  00  ggsaSier  BJiiP,  7.  S.  cur— 2.  CCS. 

5-  Bbrcss,  HU?-;  A  »a£-e3g£rsss3  canary  fflsr  C2ie  jsaacd  asd  Barseas®  <rf  T.ggs-rrrr  sogaatsass  BaBados. 
Ag-g.-cg  uses,  tgtfu- 

E^ss,  2?_E_  sass  A  swHsesSad  eaas-csgsslcii  sofifcd  Car  tBit  (BtSraSacSfna  cf  s&t  Scumfosy  Eager  saxsrssss 
snasasu  Sogers.  CE3>-3?i,  2ogc_  ed  xirrrrr-  2s®.,  EsSsarrrsy  <sd  Tfrsfcnrasgy  Stoiftt,  E55t?- 
lh®cr,  JJ_E_  ears  TSurrirtSsad  asd  asgorfbggatS  asatsss®gfsss  «T  sssssgawgsBE®  Saggar  Btandray  2$y=rs 
s0sa  asd  ■ascSauS.  gursSar-  Sogers  CCT-E20,  Sags-  eff  «cr.  Hs®.,  Usaiessfsy  ed  SreSs  aisag  Soars*  Bj£$_ 
csd,  A-IE-CT-  *s£  GteBassss,  3L:  gatsaisSss,  gsoaeurr  srtt&tr.S  asd  tsaBilisy  sBasry.  Sogers  20  2:2?$, 
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AEsc,  AirrmaJ.  Ssxfaws  Ear.,  Cjfi®,  ju  S#— J 2-  — 
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MtsSt,  sod-  C^  C2S3*  y_  Sg-e<P- 

5>_  Ees®t,  X£.:  2S»  daassar  BraanStsy  layer  oaptrrrerrr  A  sosSsd  «d  asEsSssa  By  acsss:  <uT  ®s 
gtspiisar-  Saar.  Caa£-  SS£E_  Sar.,  $3,  C?5$»-jF-  32E-222- 
T££L  ^  w  3U3E-S  toafey  T .*yrr  ??Tsr  g gay  ffljtpejxsfissi  TeSzSi  2U2rTETC2l- 

SS£E-  Ssscs.  A  2$2,  CfSr,  gs.  K—tCCl. 
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BEC33CEHS  TEECaiQTES  ET  EXPERIMESTALES  SUR  IES  DECOLLEXEKTS 
UHS  A  E3E  DEFC3XATI0K  LOCALS  DE  SURFACE 

S.  Bcrnel  ,  C.3.  Die?  ,  P.  Gov gat  ,  B.  Prunet-Foch 
Laboraroire  d’Adrotcernique  du  Centre  National  de  la  Recherche  Scientifique 
4  ter,  route  <3es  Gardes,  92-HECDON  (France) 


RESOE 

It  prcbl£=e  £3  ddcollement  Itaiwlre  est  epparu  avec  l'dtude  de  la  rugositd  hamonique  de  parol  et 
pics  preci sfeent  avec  l‘£tc de  d'une  plaque  place  A  parol  sinusoldale.  Nous  prdsentons  id,  dans  uce  premifere 
parcie,  I'ftcdt  ers  dcoolemeat  incompressible,  de  ces  ddcollements. 

De  cels  ddcollements  peuvent  Sere  prdvus  on  utilisanc  diffdrentes  cathodes  de  calcul.  Toutes  ces 
arftcodes  sappo sent  ccnnu  le  champ  de  vicesse.  Ces  ddcollements  one  d'autre  part  dtd  sis  en  Evidence  sur  des 
plaques  de  di f fdrents  rapports  amplitude  sur  longueur  d'onde.  Les  profils  de  vitesse  dans  la  couche  limite 
oct  £t£  £tablis  A  l'aide  d'un  anfeooetre  A  fll  chaud,  les  signaux  chtenus  ayant  dtd  aussi  analyses  en  fre¬ 
quence.  La  repartition  des  pressions  statiques  A  la  parol  est  presentee.  Ces  cesures  conflment  la  presence 
d'un  de collement  prdvu  par  le  calcul  et  qui  a  de  plus  6t£  visualise  par  funde. 

Bans  une  deuzieue  partie,  l’dtude  a  dtd  poursulvie  sur  une  plaque  deformable.  La  parol  de  la  plaque 
sert  de  couvercle  a  une  cavitd.  Le  rdglage  de  le  pression  dans  cette  cavit£  permet  d'obtenir  des  ddforma- 
tiens  en  sal  life  ou  en  creux.  L'exploration  des  densitds  spectrales  de  puissance  foumit  une  mesure  de 
1 'amplification  spatiale  des  instabilites  naturelles  dens  la  couche  limite.  La  connaissance  du  champ  de  Vi¬ 
tesse  A  la  frontidre  de  le  couche  limite  percet  de  relier  le  developpenent  de  ces  instabilites  au  paraodtre 
de  Fohlheusen  ceractdristique  du  gradient  de  •'itesse  extdrieure. 


INIRODUCnON 

L'dtude  des  ddcolleiscnts  se  produisant  sur  ur.e  plaque  plane  a  parol  sinusoldale  dans  un  dcoulement 
incocpressible  fit  nous  a  amends  a  nous  intdresser  principalement  a  l'influence  de  la  perturbation  harmoni- 
que  sur  tine  couche  limite  laainaire  ;  il  s'egit  alors  d'un  mdcanisme  de  ddclenchecent  artificiel  de  la  tran¬ 
sition  tel  que  peuvent  le  provoquer  des  irrdgularitds  de  paroi  sur  des  avions  a  grandes  vitesses. 

D'tutres  forties  de  perturbations  auraient  pu  2tre  aussi  envisagdes  : 

-  soit  un  phdnonSme  acoustique  erde  a  l'extdrieur  de  la  couche  limite  dsns  l'dcoulement, 

-  soit  un  phdnomdae  produit  a  l'aide  d'un  dcoulement  pulsd, 

-  soit  encore  une  vibration  harmonique  de  la  paroi  12/ ,  vibration  qui  serait  une  fonction  sinusol¬ 
dale  du  temps,  d'une  part,  et  de  l'abscisse  conptde  suivant  la  direction  de  l'dcoulement,  d'autre  part. 

Les  travaux  ont  dtd  entrepris  au  laboratoire  d'Adrothermique  dans  le  but  de  vdrifier  une  thdorie, 
dmise  par  R.  Hirsch  /3/  pernettant  de  voir  comment  varie,  a  l'intdrieur  d'une  couche  limite,  une  perturba¬ 
tion  provoqude  par  des  ondulations  harmoniques  de  faible  amplitude  de  la  paroi.  Une2premidre  vdrification 
expdrimentale  avait  dtd  tentde  sur  une  plaque  ondulde  dont  l'ondulaticn  avait  2.10-  m  de  longueur  d'onde 
et  0,2. 10~3  n  d'anplitude.  Bien  que  les  nesures  semblent  bien  correspondre  aux  prdvlsions  du  calcul  de 
R.  Hirsch,  des  doutes  sont  apparus  quant  a  la  prdsence  dventuelle  de  ddcollements  se  produisant  &  la  paroi 
/ 4/.  /5/.  Nous  avons  alors  entrepris  l'dtude  de  plaques  prdsentant  des  ondulations  plus  importantes,  afin 
de  pouvoir  grossir  les  phdnomdnes  et,  ainsi,  essayer  de  les  roesurer.  Par  ailleurs,  un  calcul  approchd  fondd 
sur  la  mdthode  de  Karraan-Pohlhpusen  nous  avait  permis  de  prevoir  l'apparition  de  ddcollements  sur  de  telles 
parois  onduldes. 

La  ddtection  de  ces  phdnomdnes  qui  sont  de  faibles  dimensions,  a  ndcessitd  la  mise  en  oeuvre  de 
techniques  expdrimentales  differentec  :  mesures  de  pressions  -  andmomdtre  a  fil  chaud  -  analyses  en  frdquence. 

La  premidre  partie  de  cette  communication  prdsente  les  expdriences  qui  ont  permis  de  mettre  en  dvi- 
dence  la  prdsence  de  micro-ddcollements  a  la  surface  de  parois  onduldes.  L'analyse  en  frdquence  nous  a  montrd 
que  ceux-ci,  m2ne  s'ils  dtaient  suivis  de  recollements,  n'en  perturbaient  pas  moins  la  couche  limite  et,  par 
consdquent,  pouvaient  avoir  une  influence  non  ndgligeable  sur  les  phdnomdnes  de  transition. 

Dans  la  deuxidme  partie,  l'dtude  est  dtendue  a  la  zone  de  transition  sur  une  plaque  ddformable,  en 
saillie  ou  en  creux,  l'analyse  des  densitds  spectrales  de  puissance  des  fluctuations  de  vitesse  permet  alors 
d'dtudier  \ 'amplification  des  instabilitds  naturelles  et  en  particulier  l'influence,  sur  leur  ddveloppement, 
du  gradient  local  de  la  vitesse  extdrieure. 


I 


1.1  CONSIDERATIONS  ET  RAPPELS  THEORIQUES 

1.1-1  Calcul  de  la  distribution  des  vitesses  dans  l'dcoulement  potentiel  le  long  d'une  plaque  plane 
a  parol  sinusoldale 

L'intdgration  des  dquations  dynamiquss  de  la  couche  limite  dans  le  cas  d'un  dcoulement  laninalre 
permanent  le  long  d'un  profil  ne  peut  se  faire  que  si  l'on  connait  les  conditions  aux  limites  et,  par  suite, 
Involution  de  la  vitesse  U  a  la  frontidre  de  la  couche  limite. 

Plusieurs  mdthodes  sont  applicables  pour  ddterminer  cette  dvolution  : 

-  soit  un  calcul  direct  a  l'aide  d'un  dcoulement  potentiel  complexe  /6/, 

-  soit  un  calcul  de  l'expression  de  la  vitesse  a  l'aide  de  la  thdorie  des  petites  perturbations  HI, 

-  soit  une  dvaluation  de  cet  dcoulement  potentiel  par  la  mdthode  de  l'analcgie  rhdodlectrique  '8/ 
ou  par  une  mdthode  numdrique.  Ces  dernidres  mdthodes  prdser.tent  le  grand  intdrdt  de  tenir  compte  de  la  prd¬ 
sence  des  parois  de  la  veine  et  de  la  forme  gdomdtrique  du  bord  d'attaque. 

La  gdomdtrie  des  parois  des  plaques  utilisdes  est  telle  que  les  sommets  des  ondulations  sont  dans 
le  plan  de  la  partie  plane  qui  suit  le  bord  d'attaque.  Nous  devons  dds  lors  retrouver  la  vitesse  de  l'dcou¬ 
lement  libre,  Ik,  ,  dans  les  sections  situdes  au  droit  des  sommets  des  ondulations.  L'expression  de  la  dis¬ 
tribution  des  vitesses  que  l'on  oblient  3  partir  de  l'une  ou  1 'autre  des  2  premidres  mdthodes  citdes  est  : 

r 


3-2 


(1.1) 


u/aw 


1  +  X 


2nx 


1 


1 


+ 


2na 

X 


oA  U  et  U„  sont  respectivement  la  vltesse  potentielle  et  la  vltesae  &  l'infini  de  l'dcoulement;  a  et  X  > 
l1 amplitude  et  la  longueur  d'onde  de  l'ondulation. 

Dans  ce  qui  suit,  c'est  cette  expression  qui  sera  retenufi  comme  distribution  des  vitesses  X  la 
frontiAre  de  la  couche  llmite. 


1.1.2  Calcul  des  ddcollements 

a)  Mdthodes  intdgrales  79,10,11/ 


Parmi  les  mfithodes  de  calculs  approchds  employees  pour  une  telle  etude,  celle  de  T.  Von  Karman  et 
K.  Pohlhausen,  permet  de  prdvoir  de  maniAre  simple  le  cas  du  ddcollement. 

Nous  ne  reviendrons  pas  sur  les  hypotheses  faltes  pour  mener  le  calcul.  L1 Equation  de  quantity  de 
mouvement  aprAs  integration  devient  : 


(1.2) 


d( 6^/ v)  F(K) 

dx  ~  “  ~V~ 
6<j  dU 

K  =  —  ~r— 

V  dx 


A  partir  de  la  valeur  6-  de  l'dpaisseur  de  qunntitd  de  mouvement  A  une  abscisse  de  depart,  la  re¬ 
solution  de  ce  systAme  peut  s'effectuer  soit  directement  par  construction  graphique,  soit  en  adoptant  la 
simplification  de  Walz.  Nous  pouvons  aussi  reprendre  la  rndthode  de  Thwaites  / 12/  qui  determine  A  partir  des 
experiences,  la  fonction  universelle  F(K)  et  ramAne  alors,  comme  celle  de  Walz,  liquation  (1.2)  A  une  seule 
quadrature. 

b)  Methode  des  differences  finies 

La  methode  qui  a  dtd  appliqude  est  connue  / 13/ ;  connaissant  la  repartition  des  vitesses  dans  la 
couche  limite  en  deux  tranches,  nous  avons  calcuie  celle  de  la  tranche  suivante,  cecl  en  nous  bornant  dans 
les  ddrivdes  des  vitesses,  aux  termes  du  deuxiAme  ordre,  et  en  reprenant  l'expression  de  l'ecoulement  po- 
tentlel  (1.1). 

c)  Comparaison  des  deux  methodes 

La  rndthode  de  Pohlhausen  est  fondde  sur  un  ddveloppement  du  quatriAme  degrd  de  l'expression  du  pro- 
fil  des  vitesses.  Les  experiences  ont  montre  que  le  point  de  ddcollement  prddit  par  cette  rndthode  est  trop 
recuie. 

Si  l'application  de  la  rndthode  de  Pohlhausen  met  en  evidence  la  presence  d'un  ddcollement,  nous 
pouvons  8tre  sOrs  qu'il  se  produit  en  rdalitd.  Par  contre,  dans  le  cas  oA  cette  rndthode  ne  rdvAle  pas  de 
ddcollement,  nous  ne  pouvons  en  conclure  pour  autant  que  celui-ci  n'existe  pas. 

Comme  l'avaient  ddjA  constate  d'autres  auteurs  / 9/ ,  le  critAre  de  Thwaites  rend  mieux  compte  des 
phdnomAnes  dans  le  cas  de  plaques  planes  A  parols  prdBentant  des  ddformationssinusotdales  de  trAs  faible 
amplitude  devant  la  longueur  d'onde.  La  rndthode  des  differences  finies  fournit  d'ailleurs  une  abscisre  de 
ddcollement  beaucoup  plus  proche  de  celle  A  laquelle  aboutit  le  critAre  de  Thwaites. 

1.2  DXSPOSITXFS  EXPERIMENTAUX 

1.2.1  Description  gdndrale  des  conditions  d' experience 

Les  experiences  ont  dtd  rdalisdes  dsns  unc  soufflerie  subsoniaue  A  circuit  ouvert.  Cette  souffle- 
rie  fonctionne  en  aspiration.  La  veine  de  la  soufflerie  est  de  section  esrrde  (0,5  m  de  c6td)  ;  elle  est 

longue  de  1,3  m.  Avant  le  convergent,  de  rapport  9,  sont  placds  des  flltres  de  idpoussidrage. 

La  prdturbulence  de  la  soufflerie  a  dtd  mesurde  ;  elle  est  de  l'ordre  de  0,35  7». 

Dans  la  veine  de  la  soufflerie,  nous  avons  placd  diffdrentes  plaques,  de  1,20  m  de  long,  0,5  m  de 

large  et  0,03  m  d'dpaisseur.  Le  bord  d'attaque  de  ces  plaques  a  une  forme  elliptique  d'allongement  10.  Trois 
plaques  diffdrentes  ont  dtd  utilisdes  : 

-  une  plaque  plane  lisse  P^, 

-  deux  plaques  onduldes  dont  l'ondulation  sinusoldale  prdsentait  une  longueur  d'onde  X  de  0,1  m  : 

-  l'une  P,,  d'amplitude  a  =  0,5.10-3  m  soit  a/X  =  1/200, 

-  i'autre  P3,  d'amplitude  a  =  0,25. 10“3  m  soit  a/X  =  1/400. 

Les  ondulations  sur  ces  plaques  commencent  A  0,195  m  du  bord  d'attaque  pour  dviter  les  effets  de 
la  survitesse,  due  au  profil  elliptique,  sur  l'dcoulement  au-dessus  des  ondulations. 

La  plaque,  ainsi  que  le  porte  sonde,  sont  solidaires  d'un  chSssis  Isold  des  parois  de  la  veine  ; 
ceci  pour  supprimer  au  maximum  les  vibrations  parasites,  vibrations  qui  auraient  pu  avoir  une  grosse  in¬ 
fluence  sur  le  comportement  de  la  couche  limite.  Cette  derniAre  a  en  effet  tendance  A  amplifier  beaucoup 
les  basses  frequences  III./. 

Le  rdglage  de  l'incidence  des  plaques  a  dtd  fait  de  maniAre  A  obtenir  un  gradient  longitudinal  de 
vitesse  nul.  Nous  avons  constatd  par  ailleurs  que  ce  rdglage  d'angle  est  trAs  sensible,  une  variation  de  10' 
d 'angle  entrainant  des  indgalitds  apprdciables  dans  les  pressions  statiques. 

1.2.2  Ins;  ~uments  et  mdthodes  de  mesure 

Pour  mesurer  les  vitesses  moyennes  et  les  fluctuations  de  vitesse,  nous  avons  utilise  une  chafne 
andmomdtrique  / 15/.  Nous  avons  en  outre  cherchd  A  mettre  en  evidence  le  ddcollement  par  une  analyse  en  fre¬ 
quence  du  signal  fourni  par  le  fil  chaud.  Ce  signal  peut  Stre  caractdrisd  pour  une  fonction  du  temps  t  : 

e(t)  =  e  +  e'(t) 
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oil  e  et  e’Ct)  sont  respectivement  les  tensions  doyennes  et  les  fluctuations. 


L'analyse  en  frequence  se  propose  de  mettre  en  dvidence  la  decomposition  spectrale  de  puissance 
de  la  fonction  centrde  e'(t)  attachde  a  ce  signal  /16/,  /17/,  /18/.  Nous  avons  employe  le  processus  direct 
par  rndthode  analogique  qui  permet  d'obtenir,  a  l'aide  d'un  analyseur,  la  densitd  spectrale  en  prenant  la 
transforade  de  Fourier  en  t  de  la  fonction  e'(t). 


1.3  RESULTATS .  HISE  EN  EVIDENCE  DU  DECOLLEMENT 
1.3.1  Profits  de  vitesse  movcnne 


Nous  avons  effectud  sur  les  diffdrentes  plaques  une  exploration  systdmatique  de  la  couche  limite. 

Des  profils  de  vitesse  moyenne  et  de  fluctuations  de  vitesse  ont  dtd  relevds  pour  de  nombreuses  abscisses. 

a)  Pour  la  plaque  :  la  figure  1  montre  que,  pour  une  vitesse  de  12,5m/s,  nous  avons  un  ddcolle- 
ment  prononcd  des  le  premier  creux.  II  commence  ldgdrement  avant  le  quart  de  longueur  d'onde,  il  se  termine 
peu  aprds  le  point  le  plus  bas,  c'est-a-dire  au  moment  de  la  recompression.  Le  point  de  ddcollement  est  un 
peu  plus  avancd  que  celui  qui  avait  dtd  prdvu  par  le  calcul  de  Pohlhausen,  il  est  plus  proche  de  celui  ob- 
tenu  par  le  calcul  A  l’aide  de  la  mdthode  des  diffdrences  finies. 

Dans  le  dcuxidrae  creux,  les  profils  sont  moins  ddformds  ;  cela  est  dQ  au  fait  que  nous  nous  trou- 
vons  en  fin  de  zone  de  transition.  En  effet,  la  pente  d  l'origine  des  profils  est  plus  forte  que  celle  des 
profils  laminaires  ;  il  est  par  ailleurs  aussi  possible  de  constater  ce  ddbut  de  transition  sur  le  signal 
retransmis  sur  un  oscilloscope. 

Nous  remarquons,  en  outre  que,  aprds  la  zone  de  ddcollement,  nous  retrouvons  des  profils  de  vitesse 
correspondant  au  rdgime  laminaire,  Ceci  nous  amdne  d  dire  que  nous  sommes  en  prdsence  d'un  ddcollement  la- 
minaire  d  recolleraent  laminaire. 

Dans  le  cas  d'une  vitesse  de  25m/s,  nous  nous  sommes  bomds  d  la  premidre  ondulation  ;  l'dcoulement 
immddiatement  aprds  se  trouve  ddjd  fortement  perturbd.  Il  ne  semble  pourtant  pas  que  nous  soyons  lb  en  face 
d'un  ddcollement  laminaire  d  recollement  turbulent  ;  en  effet,  le  premier  profil  immddiatement  aprds  le  re- 
collement  n'est  pas  vraiment  turbulent,  mais  la  transition  est  trds  avancde  par  rapport  au  cas  prdcddent. 

b)  Pour  la  plaque  :  la  figure  2  montre  les  profils  des  vitesses  raoyennes  pour  une  vitesse  de 
l'dcoulement  dgale  d  12,5m/s;  Nous  constatons  qu'une  trds  faible  perturbation  se  produit  dds  la  premifere 
ondulation,  l'dcoulement  restant  ndanmoins  pratiquement  laminaire. 

L'importance  de  ces  perturbations  augmente  au  fur  et  d  mesure  que  l'on  se  trouve  sur  des  ondulations 
plus  dloigndes  du  bord  d'attaque.  Ndanmoins,  d  la  fin  de  la  troisidme  ondulation,  le  signal  vu  sur  l'oscil- 
loscope  montre  que  la  zone  de  transition  commence. 

Pour  une  vitesse  de  25m/s,  la  transition  est  nettement  avancde  et  commence  dds  le  deu^idme  creux. 


1.3.2  Distribution  des  presslons  statiques 

Lorsqu'un  ddcollement  se  produit  en  un  point  d'un  profil,  la  pression  statlque  en  ce  point  augmente 
/19/  et,  par  consdquent,  il  est  possible  de  mettre  en  dvidence  une  zone  de  ddcollement  en  relevant  la  dis¬ 
tribution  des  presslons  statiques  d  la  paroi. 

La  pression  statique  p  est  directement  relide  au  coefficient  de  pression  Cp  par  : 


up  - 7~ 

1/2  p  U„ 

Sur  les  diffdrentes  plaques,  nous  avons  placd  une  sdrie  de  prises  de  pression  statique. 

Nous  observons  bien,  sur  les  courbes  de  la  figure  3,  donnant  l'dvolution  du  coefficient  Cp  le  long 
de  la  plaque  ?2>  que  celle-ci  est  sinusoldale  et  prdsente  des  "creux"  aux  abscisses  correspondant  d  In  zone 
de  ddcollement.  Sur  la  plaque  P^,  nous  constatons  aussi  que  l'dvolution  du  coefficient  Cp  est  sinusoldale. 
Les  "creux"  correspondant  au  ddcollement  n'apparaissent  pas  nettement,  comme  dans  le  cas  de  la  plaque  P^. 

La  ldgdre  dispersion  des  points  est  neut-8tre  due  d  la  faible  amplitude  de  la  sinusotde. 

1.3.3  Analyse  en  frdquence 

L'analyse  en  frdquence  du  signal  fourni  par  le  film  chaud  a  dtd  faite  de  manidre  systdmatique  dans 
la  couche  limite.  Dans  les  zones  perturbdes,  les  spectres  prdsentent  des  pics  iraportants  dans  des  plages  de 
frdquences  bien  ddtermindes. 

Pour  chaque  plaque  et  chaque  vitesse,  nous  avons,  en  outre,  relevd  systdmatiquement  l'dvolution  des 
pics  lorsqu'on  faisait  varier  l'ordonnde  du  film  chaud,  son  abscisse  demeurant  constante.  L'importance  de 
ces  pics  augmente  quand  on  dloigne  le  fil  de  la  plaque  ;elle  atteint  son  maximum  d  une  distance  de  0,2. jO”Jm 
environ  ;  elle  diminue  ensuite,  mais  son  influence  se  fait  scntir  loin  encore  dans  la  couche  limite.  La  fi¬ 
gure  4  montre,  pour  la  plaque  P„,  un  exemple  de  l'dvolution  de  ce  maximum  lorsque  l'on  se  ddplace  suivant 
l'axe  des  abscisses,  ceci  pour  les  deux  vitesses  envisagdes.  L'observation  des  spectres  obcenus  montre  que 
r.ous  avons  une  plage  de  frdquences  privildgides.  Il  apparait  que  la  situation  de  cette  plage  sur  l’dchelle 
des  frdquences  est  fonction  de  la  vitesse  de  l'dcoulement  libre,  qu'elle  est  peu  fonction  de  1 'amplitude, 
et  demeure  la  m§me  dans  tous  les  creux  d'une  mdme  plaque  se  trouvant,  bien  entendu,  dans  la  zone  d'dcoule- 
ment  laminaire.  On  trouve  vers  350  Hz  pour  12,5m/s  et  vers  700Hz  pour  25m/s. 

1.3.4  Mlse  en  dvidence  du  ddcollement  par  les  fumdes 

En  injectant  de  la  fumde  a  une  abscisse  0C1  la  couche  limite  est  laminaire,  nous  la  voyons  partir 
trds  rdgulidrement  depuis  le  trou.  Par  contre,  si  le  point  d'injection  se  trouve  §tre  au  niveau  du  milieu 
de  la  zone  de  ddcollement  sur  la  plaque  P,,  nous  voyons  nettement  la  fumde  sortir  du  trou,  s'dtaler  en  tous 
sens,  remonter  un  peu  l'dcoulement  pour  ensuite  dtre  entralnde  vers  1'aval. 

Nous  avons  essayd  de  refaire  la  m8me  expdrience  sur  la  plaque  P^  ;  le  phdnomdne  de  remontde  de  la 
fumde  dans  l'dcoulement  n'est  pratiquement  pas  visible  d  l'oeil  nu. 
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Fig.  4  -  Spectres  it  puissance  3  y  ■  0,2  ca  -  Plaque  P, 
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S.*appHfsct*fflm  des  erfnfces  de  Zb&Qacses  c£  &  SsscSses  e:  He  eaHasH  per  <H££faeanes  Steles  osr 
cradilc  a  ptfaefir  tan  desnlHeaeasr  set  E®  pHaqne  S,  ;  eeei  e*E  Hie®  vfcSSEf  cgpCriaexiraHeBgTit-.  Saar  Ea  pHaqne 
per  cargre,  2c  crSEir*  de  SrmHaamca  nfcne  2  Sex  cnnr-ssSraas  dSHfeaaces  Ac  ceHHcs  q=S  jtaur  damrfes  per 
2c  caicSne  de  Trsa'rrm  cr  He  <rai Hcr.E  per  dififfeenaes  Steles.  El  me  arms  a  pcs  fef  panslhEe,  decs  E'fcaKt  agraaeS 
<5e  arts  ceranS/gnes  <Sc  aacsme  cm  de  viscaSlsmiam,  de  Eeoer  2c  dnme  czyCrfacxffia't'cnerit.  Si  2c  dfennHlcaciC  erix- 
sc  asm  ecsse  pHaqae,  51  es£  &  *1  £aSB>2e  &near£cm  qae  a w  aenmats  d*lnnresrlstgJ-'=0  **  n£**H ear  inamflis*: C*. 
S&asefixx,  morns  parrans  resarqaer  qae.  dans  Hes  names  c£  panrademr  sc  prodnlre  ces  aicao-iSfianSloocat*,  He* 
mesnres  per  SI  caatafl  ancTScxS  ea  drfdgare  des  dfSa-TCTlems  de  pcoSl  de  vlcexse  eppenne  amaEpgaes  2  eeHHes 
ecxnsCatfer  He  eas  de  Ea  pEaqae  pr£o65easc  cm  He  dfm&Hljsaemr  erlsre.  EH  cm  etc  de  afcne  ea>  ee  qnl  esmoer- 
me  H*aaa2yxe  spenSsaHe  dex  flamaatlsns  de  viresse. 
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iaa  facie  rfcemt*  *  ncerxf  l’lafinemce  csnsldfaeble  qne  peat  avoir  sar  lx  aramsitlcn  me  rrpri^ 
»laacM»U  <de  parol  (*4,5  am,  1*100  a,  */l=C,5/200)  /20/.  1’toie  &f  stos^fcsUflcas  *  daar  ftf 
te&t  1  la  zoo*  &  transition  parr  dfccmfacr  rinfbexe  db  paraniare  c/1  scr  Ha  position  de  ta  transition. 

II.  1  2ESG5HTIGK  SE  IA  Hiajm 

Is  plxqne  a  fel  airfe  dans  le  cot  d’atoii  2  ssrre  disparities  =t  pxrcl  tffcrojle  de  atari  Ire  cen¬ 
time  et  prfsentant  ta  excellent  mcccr Cerent  area  le  Herd  i'ttUmt.  I'fcde  et  la  realisation  de  cex  dls— 
porltlfs  seat  ebes  2  la  Sodftf  Aerospatiale  (SVIAS). 

la  plane  (fig.  5)  xert  de  cosvercle  2  ta  cnSssls  nftallicne  solidaire  da  Herd  d’attaqse  dans  leqnel 
trois  oarltfes  ftartnes  cot  ftf  csinfes.  Peer  base  aritf,  la  parol  ext  dffcmxble  tr  sse  lcognenz  de 
0,1  a  et  scr  toate  l'ervergure  de  la  plaqae.  Ssr  la  face  Inffrieare  de  la  pit  ere,  decs  orifices  sent  prfest 
poor  l’-alioeatatlco  ea  pressicn  et  ta  tree  central  perset  la  oesare  dn  £fp  lx  cement  on  des  fvertoelles  ti- 
bratlcos  de  la  parol  sans  contact  afrartl  ere  par  nn  captenr  2  variation  de  capacity. 

Les  trois  cavitfs  sent  Indfperdantes  ce  cal  ccaffre  2  1' ensemble  me  grande  soaplesse  d'etillsatloa. 
La  dffomatlcn  ea  sal  111 e  on  en  creax  d’tae  on  plssienrs  caritfcs  pemet  de  aesarer  l'inflnence  d'ta  gradient 
local  de  vitesse  oa  de  la  saccessioa  de  gradients  favorable  et  dHfavorable. 

Kons  appe Herons  2a  l'anplltsde  de  la  dffomatlcn  par  analogic  avec  I'amplltnde  cr£te  2  crfte  des 
plaqres  2  rsgositf  slnasotdale  dferites  cl  -desses.  Cette  anplltc.de  est  nesarfe  an  point  de  dffomatlcn  na- 
x Inale.  La  parti e  dffomable  de  1  ns  d'fpaissesr  est  encastrfe  sar  les  cratre  cStfs  et  est  scr— 1  se  2  me 
pression  nal force.  Rons  avons  vfrlfif  cue  la  dffomfe  est  apprexinatirenent  slnasotdale. 
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muz  xagfiarassznc  gg  e&  zuqib  as  smamagrE 

Sous  stars  IZSJ7  <51*  Sc  rrt^jVt^r  (fie  B.’VxtgJ®  dZStiTSdirttae  cE^irac  puTrrpir  at  are  eSSts.  gagaaeang  sac  Ex 
gcgfaSam  (fie  Ex  errand  aftrat  s  Ex  wtgg-nfiineffifiEf.aig  (fits  rarmtnrs  (fie  csxin£g&i»n  tnfiragggeg  am  exEigte  (fie  Ex  gExgu* 
xuwtr  are  eramrr  angsrEeSrte  EcErSamae  2  (ficus  gfiaucaa-.  Sous  asgflgguims  EE  Ecs  dSgj&mrSsSs  acransaagcs  Exes 
(fits  axamaes  eaagxsaagaas  (fie  gangeSnr.  (fie  eaxtitfieg-nc  smr  dEffSSaetems  gCuguts  eaegaraaas  dies  cagae£i£s  sgmu- 
sjCfitfies.  rtsarrs  fie  cagfcrags  2  pamifi  dSiram&ta^  trams  <fs£a-mrs  caes  dEggaagafa  s  fie  cwtsf.  fTaeangue  saaor  frcSanv- 
3#  tang  es  finat-  (gc*cs  gosfafam  as  Eraigdimss  (gue-SEr  egar  sofia  E’Wggfrarfie  <fir  fix  dRfnt  actor. 

aistSisxs  (fie  gQns  <gue  fies  amfllSracficcs  (fie  jnescira  dates  fix  a £  fixe  txsscoes  dies  dgSnsaesfims 

sans  ireSrms  xm  ggfiatmae  (fie  fi’ifisssfieaaag.  Sic  perr?-m-rg.er.  trams  grammas  2  eftatgue  fcrarjng  sasrratmer  fids  s£££- 
raenaes  die  fix  g&xgue  gCxmu 

dams  asanas  efiaSsg  d*  exfier  fix  p-Engsx  cm  asgeranc  fix  gfiaaat  gtaraffiEe  fix  dgjgsgyur  (fie 
fie  tarfjne  <C*aagfc£x3taes  sat£s  amesne  eagacerfirai  mix  £a£  Cefiae  'fixes  lies  perrg-s  die  fix  mtfiate  gems  crsgiEraag 
£*£a&t£2sa'Ee  anrrSataae  (fine  am  Sard!  (Clacemgae..  Sgaaxfincs  sfegEasBae  <gax  fie  axarardaraes:  xattse  fie  gcrfiiE 
xfiEggaggae  (filxSEnrgjeaere  fiffl  «e  Ex  3 ara&e  gExsx  x  Ss&  gr.firxfir  gnus:  rfefcfr*  mtaeir  asnsatsat. 

Ettas  (ses  gamffialtms,  gang  fies  #***£—*-*•*-*  (flrgnragrfirass.  asms  gmuiugg  frinr  die  sais  8maaes  cam gx- 
rag.anns  die  gasgsgaas  (fie  fix  rrx:;t£rf-rm  eras  eat  sanfiamr  rgs*gfi  as  sltgga  pcs  (fame  mxamae  afterSue  cats  fie  cess 
(fie  gsfcagfiffifiiamr  xa  fies  gihgnnagnxs  atramraggnes  xa  ng3axaa£aeefi££s  2  fix  ara£gfita£x  excrete  ex  firms 

firs  afrsetraas  <gae  sums  £aira£raams  c£-cfitaarms  ante  nrflaagffs  2  <fies  tfiSgraraagams  (fie  fix  gcs=££ar  cr¬ 
ag  ti£  gams  ante  ng&eras  (fie  E"fcnr.fieana  EfSee  die  fix  tm'st. 


Efi_3  SESISSS 

fijms  fies  rfectrjtrs  <gar  trams  grmraaaaaac  state  gfrfe  2c  gmegatittena  (fies  cexagams  mttaijSsfjis  gaasrav- 
ctmSrs  frarag-fes  gam  Ex  efiagme  filnrdrreafcrf*:  2  Sifi  eSamfl. 

Ea  pics  <6e  BVzpfirScctgrrai  <fies  saeasaes  (fies  ngaexses  raigesaes  «a  dies  agsaamr  (fie  gfinaraaa&iffc,  anms 
exams  nemfits  eanmafirre  fix  £xr=e  &  Sr^gaetme  Ot  etes  gfixccmtafams,  os  igrg  anms  x  caamiis  2  S*Sse  en  efitxgne 
prfiac  <fe  B'fcamleseic  fies  raeataes  fits  (fiecsSrifcs  sgosaaxfies  die  grf.stsxtme  <&s  sfijaamr  £raaxiarm£s_ 

Ce  amsfice  cncsg-fiesraifie  (£*amxfix3»es  sgacaaxfies  z  fc£  aSceam  2  fi'a&fie  d'orn  aasxExawmr  eat  ses^s  =>6el 
(ficxe  2*£aadrfc  nfisSsfic  (films  fix  easgeexagats  (fie  exams  esszsagEe  2  fix  aa&segre  £*xogc£sge£inc  die  ifitmcees. 

i'xggaaegfi  gm£22xe  <fies  EraatxaSfiSams  &j  sSjaxfi  2  atex^aer  ea  fixs  £csSme  exes  ome  saSasSae  ec  rejger- 
eaaa  Eerr  cafee  <aargrra>Bag£gpe  <£*srr£mne.  fix  acxite  esa  cryfirafie  2  am  sgear.ae  anmraaiaaisf  am  axaUte  (fi*amg=S- 
siciam  rags  aearae yfixs  aaggdte.  fies  feSaagg Uses  &t  *5jsxfi  x£xr&  caagcgi&s  seat  agjplSigafis  2  am  fiEeax 
mCefeafitme  2  fiaajsaa  &  iaarfie  <fi’amefi jsx  camscaace. 

Ees  fefiassSSISscs  SJeaEs  saxa  (fifiecaaEs  x£  gm£sxxa£s  eo  smxege.  sage  sams  feme  atrxfix>5iigne  gems 
3*£smfie  <fis  spectre  firtstamteafi,  srft  sxms  faeae  cSjlexfie  xa  ame  iVae  swrractScm  (films  as  fimfjnrerr  am=£rt— 
<gce  gsi  «S£J£are  I*  (fiessieC  die  specere  fie  prdssxcee  xxes:  teeax  fix  predsfijea  seattSsegaae  fifisis^tu 
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H.4.1  ?rogl  fies  ageesses  xagxesacs 

fix  rfipetase  fie  l’amfeaasSare  2  £il  eaamfi  a*es£  pxs  lfinfaire  ea  fcmsrico  fie  fix  aieesse.  Ea  fxSe,  ataas 
a’ezploieccs  Ixs  refiex^s  fies  aitesses  agtaeaaes  gee  prer  lx  cacmxlssxmre  fic  peiat  aasaea  fie  Seocticgaasaest 
xatccr  fiaasel  il  £*=£  lisficlser  lx  relxrlco  teasico-altesse. 

Ifi.4.2  Prcfitl  fies  alaeear  fie  flartatltct 

Salle  2  lx  peroi,  lx  pssritf  pxsse  per  am  rraud.rarr  xarxt  fie  teadre  rstagtetipeaea  aex* 

lx  terse  lease  fie  l’dcocleaemt  Here.  Totrr.t  ere  cette  messre  fie  lx  ralecr  efflexce  fies  fbctsititcs  ejlwe 
testes  les  flsctcztlcms  gselle  gse  salt  less  frfigseatce. 

II. 4.3  £aolctlcm  fies  lastxbllltfa 

£3  rdglae  lxsdaal re,  2  l'xatal  iraaddlat  ds  herd  d’rtupe,  le  spectre  fies  flxxtsxticms  a*est  ccas- 
tltss  goe  «le  basses  frfigseaces.  A  partir  d'ea  aosbre  fie  fiepoldj  crltlgse,  II  apparalt  fies  iastaMlitfis 
fiarts  le  sijpal  lastaataad.  Celx  «  trsdsit  par  see  gasae  de  frdgseaces  prlvl ldgldes ssr  1  'analyse  spectrale. 
Cts  oades  Ixstables  cat  des  frdgseaces  gui  coladdeat  arec  les  fr£gs faces  iastables  de  Telladea-Scblicbtlag 
axis  II  s'ag It  de  booffies  ea  trains  d 'cades  latensltteats  et  aca  d'eades  projresslres  eatreteaoes. 

La  messre  de  1 'faergie  coat ease  daas  ces  bosffdes  caractdrise  le  i(  velcppeaeat  des  iastabilit£s. 
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S»  eBotgue  awisSwu  man*  saBrxms  an  gTHnsSan  die  BtssBamAe  Sir  gesfiiB  tfles  .,— inr  die  SBisstasSsns 
ifir  aBsaaiar  gg^R.  S2L  Bfaic  casagsfeftiBK&Rn  caagGsir  die  Be  ssartagsftro  canwgaeasigs  Si  gcfemSas 
BVjgaig&n  die  caes  ggrgfis  as  gmcs£a»<  die  B'fcBs vOsux,  Sms  sSsgSSfiSas  Be  aatgcfatciStgS.'ao  as  Be  sarnfetr  2i  diets 
ant ts  <ecg£tj£smss  Be  fcft  <gue  cSacas  die  can  gesagE*  gwJsanoe  tun  win  am  jilt.  Siam  strokes  aftnrf 
jesraffi*  2  castcagrrSscr  Be  eaaraSsSam  gar  BVmBtSStir,  oat  SmesSan  die  B’Uflacgaar,  din  ofisaaiii  -w'frro’i  die  fiBus- 


<ikus  cflKyie  aawsgjgu 


Bar  s&atCtets*  sms  gs£aetc£s  aus  Be  ffljpr ae  S»  Be  gatasfar  s»B«£ne  2  Be  gf&ttgtte  gBaae  atm cae  <gue  Be 
eauss  aaaxSmm  die  SBicataeSmw  esfcs  &SBr  as  s%£ae  TiaafrntflTie  G<S  B3)  gataae  gag  oat  naxBaae  as  aae  die  esaro- 
gfti&rro  grog  gngi&ae  ness  sue  Bftrfcir  CE5  £2  as  sSgleme  carSogSem  feaftffli.  Star  causae  atae  g^ttar,  anus  attorns 
Sos=£  Best  crorSaS  gtrStggaas  2  diets  aegBSstdies  die  dggnrwsSiro  0x0%?  ■KI'JffiQSD  as  *5B»  — 3VS7BIUB-  B.V2Bir*  Acs 
cataAes  uss  caweafe  aafi*  BBcsBacasae  tfi^ts  aaggaro  sag  cftacintc  die  cxrs  emgSas  gaac  Xsae  sasiam  grog  dggsfis 
gannMccggnwBBeaegg  one  "kaaacB.nsr  die  agBBas  <fle  CasoatBsSsosT1,  So  •gcSstaat  dThn*  gasstsSacSma  die  gasafl,,  Be  s»- 
remrsfrf-  csss  E  Barons  die  cae  'W.rBaur.  cestrsfeSsie  BBetamar  efie  Be  cajtiggs&im.  Bassos  iguttse  dg&ti.nsgss  sSmaarg- 
dkBe  Baoufir  OS0£*av3i£BB!2  BteSSguSr  2  E’VrtsrB  "aatffftr  tfio  sacsaasdieaaas  aasse  Be  BorsS  <BBcsa>guc  as  Bo  gaesgfic 
gBsne  tfle  2ZX>  *  BBtftggfsiae  die  cae  "-efigasi  die  cons SsSmi"_ 


Bints  eansy  gag  afBBaass.  cssasaef  tgue  B’fearBtsSxBi  <fc  glW-naagur,  Bx£s  d3Bfcr»-  B*n6egsr  as  gitursBim 
<fie  B^asgBfsuSev.  ass  cots  as  snfis s  ammamr.  DBaicrae  gars,  Bes  actggcesgrws  aggntsfies  gag  Be  < 


drtae 


cjaflrrg  ;n,n  amBHciTT  JSs*  db : 


i  jefcf  die  gsm&mis  augoeng  <&>"£&  c’JaaSr  dfianr 


<E*j >ffl9 1 


sa.®  aeaac  as  jMesaascaaKS  ogs  aHKMCMas 

Sc  caccae  ScSg  aui  gwscpagftc  S3_5  afccacter  aw  £*Ss  awe  aaSSStaae  cacgedBagaSaw  dfa>  gBfeocfeae  <fie 
dfe3wd— e  die  Sc  sacnagsSar..  S’kqjZbSsceSac  (few  aweSyce*  anuTKirStw  g-cusigs  owe  aaaune  die  S'fecrjSc 
eacccaue  Amt  Sss  gaccaBSSisfau 

Sur  Sc  <f*jjirc  ®  sous  cueswe  gmesf  aw  g'tmg&iw  <*te-  jeff®  S'fjoSirSiw  die  Sc  ocSaug  agSSacac  die  Sc  gBus- 
ncrrfrm  SdHBSswfiiiieSs  (fie  agjrwwe  gong  owe  fe®suctroc  dwwfie  gaeSSa  dies  SaccaoSSiTifs^-  (Qgac  eausSe  grfagge 
(fine  acegcce  s  S'Vuo  agaa®  X  yj®  *  fl^ST*  S^ciffsir  £  jj7®  *  (T^4S.  Sc  gwfrr  T'Smr  esmsgontfi  3s  SVegacctcc 
<ffte  gw&g  (CSagScSaw  cog  Be  ggjfiiS  (fits  ogsagaaw  anverne*  fergrfse  <g‘&ncaftgSirrf^<  Sc  SGsamfl  aes«— c  aae 
aw  aeaartrfi  one  Saw  gfattSscs  eSifaegigicw  die  itrcdCsaans  USZU  as  warns  maws  sssawc  ex  agaccis  cue  eascesfeg*- 
s&gic  <fie  S’Uscs  (fl° aagg £ gscegaw  daw  gswaflgMsc*  guuu  awe  aaus&rm  dbsw£eu 

Sis  Sc  IfSjpwr  &„  nauw  mows  gnesfi  Sew  eaugftes  dTaagSlSaKgaw  cjrrjtstjnnrfktic  2  Sc  gScgue  gSxwc  as 

Sc  eansSc  scSacSae  2  Sc  gSztgue  gSwc  essCs  s^eggSwraaas,  Ser  annrar,  las  musScs  rcSaefwcs  »<nr 
(flHaacagSawc  ggaflsSac  os  wfjge&c  je£asaes  eScane  awe  CsSs  wasec  aaauwe.  USsst*  xxam  : 
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a^JMggg fgnffgmi  avis  g*s  22ssa  (fie  2*  afae  acng&nr  augesne  qju"22  jr  as  aw  warn  Jtt&reMseSaas  axf.s^  die  iSoas,  2c 
sggne  (fie  2s  dgfbgcgjm  encsxgne  on«e  BnaSgstc&sn  dgggfeicnac  <fie  2b  Bsvnguc  anff25£2s«e£3jTu 

Sinus  gouuosns  s:«StJu3«g  astxi  3  2b  eamssaxxSam  £t£r*  am  gssagTagftK  22_S  «s  suStafaic  2  2b  dflsugafcsS* 
die  2a  ggrfaton  (fie  us  trra&imi  sui  oaatr  Be  sgjnc  die  2b  dg&reaertonu  BJtegStosgam  (fie  oe  g&£mr»me  sc  ggnnac 
<fitms  2s  2jca.22saffg.TiT.  dies  ggnEancs  Bnsnus  aesacSife  B  2s  dUSuamcSam  s 

—  s"SB  s'jtjgff;  (Plane  difgjcatcgmi  es  caeus  JBD  Be  gsa>t£*rrg  avfgnrff  (frCffauacaftBri)  aggcgeSr 

dSs  lie  cfKHuff  <fie  Tie  dggnssae&na  off  B’^eySt^TfffffTrr.  dies  Sz&tptaots  fanca&Bes  sse  grig-  cr3s  t3c. 

—  S*£2  slaggs  (fume  cKfamajgajr.  cn>  sai.flCJr  (Wife*  -H?,.5i7MES)  2s  (Sgimuffg-nr.  gsnlugg  cE'aSjjrtfi  urn  asss- 
dgasC  gmigsgg  CgcarcaBBri)  es  2s  csuc3s  2£rCac  css  sSafigtSaSr..  <Qe  m"c3S  (Ru'cav  £2»  (fie  (Kfjrscffgjix  ope  2c 
3— nffin-irr  djfgcjma32e  aggnsa.gr  as  (ficrBwcfiie  2*larrg2»Kff3ffg.-mx. 

Sims  janrs  aaudb:  asdic  one  cnrflf-- agfara  (fie  gitssr  £ns*=gcfcas£ani  gmnr  f’aucrcs  aegHSnfifes  (fie  <firgrr- 
sasSam.  Sis  2s  JJ-sse  5>  onus  auams  gncr<£  as  SnicsgTO  (fie  2"a=gr2£ca>(fie  (fie  2s  diHassas&tni  Be  agsaasr  (fins.  £rsss- 
B£2£o£s  affsafirs  £  B’VsssE  frigmSirff  <fie  2s  dgfamgffgjxs.  CsffSe  cnu=3tt  acs  2  gmmmnii  am  aaffinrar  2s  d£ssaa£ss£e 
ir*-£rf  <r£-d«sscis_  Stona,  c£*ausre  gam,  <gue  B"aag2£raifie  (fie  2s  dggirracffgfna  a  tins  fafBxaaae  nanocame  aus  2*asa- 
oSiRgagg-ns  B23/J. 


’SSJS  (Z3nZ222£3BS 

<Des  CTCtistrs  aasSresac  2*e£StS  fiegossaas  die  &e£fc2crs  asgBSsafies  <St  djggassaggms  die  garni  star  2s  gj— 
sSsfino  die  2s  granffgsimu  Hine  fcarfig  (fjfpeSRttfg  (fie  2s  ders£r£  &  sgessse  <fie  guincane*  dies  fEgggaasfigns  (fie  u£— 
tassae  gasses  (fie  s&tres  cassgcamfise  2s  rctSasamse  <fie  2s  csaHgfgfara.  En  gaarfgiBfer  gas  2e  oearre  (fie  E"ang2£f£- 
gasfms  dies  fxnst3i2££fo»  nmns  asaros  gtc  cass£2as  2es  sSsa&zxzs  anats  B’erf rtenrae  &  gadSmts  Bacons  &  trSEeasse 
esafcfanciR.  Sgjqnc  2s  BatssBisasgam  rcsgiersfs*  cEes  gsoigengs  fisaieaa'Be  sc  (fi££c3ocaa>2e  2e  dicweBiggwscmr  dies 
farsafigESnSs  aas  CeEr  &  sscsSSs*  Cr&s  (£S gf&ansa^ 

Erffs,  igncnfi  B'angBfEnfe  (fie  2s  (fifgrseasgrm  suysaae,  c*«ric-3 i-dgee  gmxr  ma  gsuSaagBiD?  esafiaaaage 
fesSsrasme  <fie  ssgssrMfiassBBesanss  2  ’serrBf gfcafflnn  cfes  f-tsffaftiE£s£s  e£  2s  ^cffgrgns  dtc  g52£es  die  rsang£g£ais 
aasSBcffC  £nr2x»s  eases  gpeswres  die  (g.iaims£angg£. 
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jrr,’»rr,rir  tj  TggTr^a^-’Tnr^y  grrjy. 

JL  tnv**^  '■yf— r{fo*  i— «1V?rry-«>r*yT^  %Z>  T*»rraT’^«»g  ftp  rr»?V—vTwr*?/y‘  •■—ngP  ggy«»i»».>Tf'ffn  ; 

firg^EWftvE  2ffir  TVy*vF^~T^  <ET  «S£  ^<t*‘  tfifiSB.  /ryl^r 

C®  Ssnac  Site  (firrarTVs  fflT  t2s  sagasssiaa  arias  as4  a®  ggg££rS  tSa  sisT-.iic  ££*fc  a 

as  r-*-»,*rT  ■ygriyST  «  iwr-- *rr-  2i!JSDCS£s  »ni— Sn»*-  53275, 


ies  ^a*r^!T’’‘* 
a&g  seaa*£an£ 

;  nay  Sc  rtftc-r-»d 


TPrw>  —i td<«<*rfw»  &*  <rrt^Trr^tt  Sk5o  sSsiSc,  CtT  nrrecriSf  tctt—  T gtw;  ^  “3ss  5l£23s 

dESosnaians  £“5n22e  coat <TirS-  (Ewe.  *■»  sg^as  <ftc  Sir*-*  iaj*£S3cra£  <5*s  jradSIs  ifi'aSss 

es  facSfiKKUi.  (Sc  *  aegfo  4e  araifaer  las  asaassacs  4s  dfesacamz^  «£  4e  asssrir  la  amsanae 

snsSrrtSa  an£  aeiir  &=e  actcaae,  sacs  art  tasSss  4k 3  na  esstaua  &sa£=e  4®  =c=2r*  4e  HejacSfe. 


3J3ESISISS 


Ars  SasSsas  e^ilc  £D«<-Cer  (£s.  JajJ  )  C  ftrrpsc  2} 
6>  asrsSSae  i£t-j£rir.r.fn4  2*  aralfil  <£e  xiicsss  fcas  jjs_ 

3* 

C-  eaaoe  4a  araSSL 

C?  cac£2<r=<es£  4c  ir nCiaaesS  S  2s  sera .'  fif  -  ’Z* 

Co  tease  cas^wettaair’E  (es.  {dlteast  2} 

Cz  cse£T£s£esfi  *t  jecsssoe 

Bn=-.£±2_  rVilm  $L 

£eaJLlc'  ay 

to  SsKtfas  dcSSsse  dass  I'Zaaeze  s  (f  j) 

H  garascssc  <£e  Sense  egassfsas  H»  _^L 

Ha  asssirs « Sea  [Hs*- 


2*  ssatEi  4e  aiScae  !»=■  .2L 

3* 


(Hs*-K  >  H i»0;  Hz^iJ 


fi-J  =Xr-  Xs 
£z  =  X*  -  XT 

n  saw  de  I'feailfl:  rntecnale  ctilisce  fcsfflt  l) 
p  arrssi.ee 

(J  grassing  cSaeticse  4*  rfcleresoe 
r  ss-en  c*  csssre 

J?.x.  aoasre  de  E^yoales  jeer  la  leecasar  x  ^xs  — ^ 
U,  «r  ca^esaetes  de  la  siiease  ears  la  esocrc  liaite 
uT,  'ff'  flactaatioas  des  eecacssstcs  de  la  vitesse 


(I  I  *] 

U/  V  ,  tt 


j  esoreaacs  caes  le  tea^s  de  U,'v‘  ft  U/ 


U  ritesse  a  l’cxtfeijear  de  la  coache  liaite 

CJ=  -LL 

Ur 

X.y  coord caaiees  iatrissfesuc3  d'ta  point 

cote  de  la  J  r,— c  de  coarast  (]J  =  O 
d<.n  ccartaate  :  c^.<  =  5  <*.«>*■} 

constante  ^  •»  »  O.V-d  £>  -•  =  0.6  7  * 

yn  coastante  =  0.0 1*  7  fc.  =  0.1 

:  ‘18 


o' 

(e?.2) 

(eq.3) 
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£^t£astusr  <fie  <fi^}Swantlt 


OBSSS 

g,  s  anastSS^  yrrf-iM-  aur"  2»  frrgfcSgsc  {y*$J  &  2a  causae  ’£Ss£S» 

a  s  qcaggfaS  fst&paSe  a*  sarpscSagit  £  Iffcagfioii  ggsfcr  BE. 

p  r  qnsr£Sd<c  nrr*  ie  Is  psrsi 

sj*£*=  anasE£s£  rr»»*a»  rasgsrSfewsest  -tmr  gg£a£3  2*5^2*51 


&£  -  Seri  <£*a*2E=^ 
-  leri  (fis  fc££* 


S 

a 

ir 

« 


;  &  SEea22«res2t 


—  f*»  dc  pitSeiiade  ait esae*  deceit  d®  la  rg 


He  <5fesrs2ags  pest  fere  de£si  car  I*essac£Je  des  saesabsass  lies  sax  dasaUfiasats  de  la  ccosae 
liadie  ==£.  cat  peer  effst  de  lissier  et  de  dfsdaasr  piss  cu  redes  crrdal*Eg=±  la  pertsa*  d'aa  arise. 

3ar  les  prefils  d'aaiss,  trods  types  prircipgat  de  decrocea^  oct  etc  sis  ea  erideaoe  aax  siieeses 
^erfti^  [r-f  1]  = 

1  —  efcass?  ces  "tiles  xdrees”,  c3  as  dSwIleasct  &  la  csecse  Itsite  laciraire  pees  ca  herd  d’attarne, 

la  sens  degalleg  {"aiilbe  Iscg”)  s'eteaisrr  prc^jEssIr-meri;  ^ase-a’ea  dsli  da  sera  de  Ssste  losseae 
ilireiiuenae  crsSs. 

2  —  eK.*>dage  de  berd  d’zttersrs  ess osi£  a  "I'erlatereei-  d’Kae  petite  sane  clcsllee  (“Idle  esert*)  et 

esnseterise  par  era  cisira ties  tres  fcrstale  de  la  porteace. 

3  —  dferotrage  de  herd  de  ftdte,  das3  Israel  le  point  de  decolleaest  ce  la  coxae  lisdte  se  deplase  ca  bond 

ce  faite  — ers  le  tord  d’atteqae  cased  l'iseddeace  crdSt;  ii  est  caraeteriae  ea  general  par  ts»  bsisse 
rrogressive  de  parlance. 


itar  preroir  le  type  de  dferochags  ea  feast  ire  da  restore  de  Eeysslds,  des  correlations  eat 
trances,  besees  ea  general  sar  des  considerations  gccoetricaes  de3  paofils  [ref  2  et  3j»  Kais  ces  corr6- 
latiraa  ^taMies  h  partir  d'essais  sar  des  profils  SICA  dassiques,  re  oasriemeat  pics  lcrssa’ca  las 
applies©  a  ds3  profils  acareaai.  Sar  la  firare  1  sect  reporter  le3  C_  ■•jt-  osters  pear  des  profils  d’ailes 
spaetxxraes  cai  ne  different  sue  par  la  region  da  3.A.[xef  4]  ;  oa  peat  redr  cae,  am  failles  nocares  de 
Sejaold3,  le  profii  *2”  d&rsdbe  sairast  le  preaier  type  et  It  profil  "A.”  saiTant  le  dearifew  alors  qae 
les  criteres  prediraiesl  l'isrerse. 


Ics  teatatires  pear  essayer  de  jxreroir  le  dtooecage  par  le  cal  ml  n’ent  fait  I’objet  qua  de 
rdiicatiosj*  pea  nacbreasc3  p»rai  lesqaelles  oa  peat  citer  la  octbode  siaple,  seai-eepirique,  proposes 
per  le  Qaeea  Kaiy  Collegs  pear  le  cslctil  des'calbes  coartsB  [ref  5J.  Ibi  scaena  aralogae  dan3  ce3  grandee 
lignes  a  celui  propcs#  par  le  &sen  Kary  College  sera  present^  dins  la  prealera  partiq  de  cctte  note  ;  lee 
hypotheses  faites  vrent  discatde3  et  les  r&ultats  obteaas  seront  confronts  h  l1  experience. 
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a  H’lrKaf-fagr  tf>e  It  cnwfi*  .HrS&e  U  fe}  s 

Zsrcr  m®  sxs  dfci2l£c  pc  me  afiaafo  £t ftfg~aS%  os  Is  idfaroggcae  an  regism  (voir  jli) 

to  TtonatTSas  cm  surryae  on*  Z*s  credHs  <£e  lifiame  yrawt  fire  ^raacifc  ptr  me  fagrfT»»  £*  gssdSIs 
ifiSagufari  £*m  geranfetre  {per  cMBgZa  b-  J5t  ds>  5^  6t"^pe  Is  cats  is  2*  If^se  <5e  caaci 

^gf-iK*r  rsaecrt  £  I*  pesi  feSs>2®  s  £  *£fb,yL  )  (m£r  ,**~*r-»  21}. 

SI  *  »  &E 


am  2 me  c5&s2Sse  sar* 

•aaSacer  <&n  ggrttrieiae  E»«£  me  grmSssr 
Stem  tt&SS&Bgaes  2es  eaartzcrs  i?$sszzzs 


aarrtt  C  dee  )  qpi  a*  pefiMBltofc  sms  me  sfce  ferae  ires  staple  : 


#*. 

i&ss£sSm  s &  Z'ee  exit  ealrxEar,  es  SaxtSea  is  x,  1* 

aae  £n-  Setx  4ssasHsss>  frisgreligs  sect  6aas  nfiressaires. 
(emeseantoi  £  R.  =  «  darn  I’iaegEe  l)  ei  d'eeiraSae- 
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IT*  d-rc 


**•**  -  *  =/[u“(u/j  ly 


H*-J  cAr.-  cCs  -3 
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SLoo  An.  StLi-i  *  (/■•  »  ^  Ajr 


£2D5Cg  il 
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fewesaaa  cr< 


(nar  tmrrsr.  Z  ei  Zl), 

2.1.1  —  CtZeaZ  ce  JnfrZ  (ofe»5Zs  toeeleals  ears  kmxrs  ZH}. 
e)  e=  Taxr.tarire  s  or  Sraczr* 
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ca  l’indice  7  cfcigne  la  valear  d’une  grandeur  ea  point  ce  transition  ?. 
fa  tx  0,0  "10?  ^00  —  0,4 

2.1.2  -  Caicza  de  b 

le  rapport  de3  2  donations  (2)  ea  lari  mire  ou  (3)  ea  turbulent  dome  (en  pcssnt  *  Hnf-2  <fi 

02  ,dtant  l’epaissgsr  de  cuaatitc  de  convenient) 

&  ^  *  3  (u^“) 

H3  at  f]rs  ne  dependent  cue  du  parsretre  b  ;  cosnaissant  1/  et  Sli  oa  peut  alors  theoriquesent  en  ddduire 
b  ;  le  problem  e3t  alors  cocpleteoent  r&olu.  Kais  les  rapports  Hnt2_varient  tres  peu  (innexe  II  fig. a  A 
et  an).  r  (Hn.2)5 

1as3i  de  faibles  erreurs  soit  cur  g  (V,  02s  ),  soit  sur  lea  profila  de  vitesse  utilisds,  ris- 
quent  d'introduire  de3  erreura  iaportante3  our  b.  Oa  ne  aourra  done  determiner  avec  precision,  h  l'aide 
de  ccs  2  equations,  ni  le  paraaetre  b  ni  par  consequent  oz  dans  la  zone  ddcollde  (sauf  au  recoil euent  ou 
b  =  o),  nais  iaiquesent  Si  et  cfoo  . 


2.2  -  Etude  de3  “bulbes  courts" 


Iious  appaellerons  "bulbes  courts"  des  nones  ddcollde3,  provoqudes  par  un  decollenent  laninaire 
et  d'asoen  petite  dlcenaloa  pour  n' apporter  que  des  codifications  tres  locales  a  la  distribution  de  vitesse 
en  fluid e  parfait.  L' evolution  de  U (*.)  au  droit  de  ces  nones  n'est  pas  connue  ;  ausoi  serons-nous  an ends 
&  la  ddteiciner  en  premiere  approximation  en  faisant  certaines  hypotheses  basdes  sur  des  considerations 
expdricentales,  v 

'•x 
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2.2.1  —  Sgigiatisaticc  (piss me  2) 


Q3  sujpsggsa  cue  la  sr£sesce  du  fculbe  n'a  d' influence  sur  la  distribution  des  vitesses  cue  dans 
la  ~r—c  S2. 

—  la  ccsitisn  ca  point  ce  decolleaent  S  et  la  valeur  de  Szs  seront  done  d^temin^es  par  un  calcul  de 
ccuche  linite  laniraire  a  partir  de  la  distribution  de  vitesse  en  fluide  parfait. 

—  Zcargeitdeast  on  irouve  cue  l‘oa  peut  aistinguer  deux  zones  entre  S  et  H  : 

—  zona  S?  :  spies  vss  legere  recccpression  If  reste  sensiblesent  constant.  La  force  de  1’ evo¬ 
lution  des  vitesses  est  variable.  Si  general  A1T=  Us-Vr  >  Oj  on  coraiderera  que  All  est  fsible,  de 
I’oidre  de  0,03.  On  suppose  cue  I’ecoulenent  est  laninaire  jusqu’en  ?  (cf  [ref  5])  et  que  la  transition  se 
nroduit  en  ce  point. 

—  zona  1  2  :  an  ccurs  de  cette  recccpression  en  regime  turbulent,  1*  evolution  de  IT  (x)  est 
sessiblecent  lineaire  (sauf  au  voisinage  de  5  et  H). 

—  la  pi 3  centre  des  execples  de  distributions  de  vitesses  (calculees  h  partir  des  pressions 
referees  a  la  paroi).  Dans  le  css  HI  1'augieriaticn  de  vitesse  en  acont  de  T  net  en  defaut  le  sch&a 
propose  ;  elle  est  sans  dcute  due  au  fait  que  la  transition  coerence  bien  avant  T.  Dans  des  conditions 
process  du  decrcchcge  les  repartitions  de  vitesses  observe e3  sont  general ecent  du  type  I. 

2.2.2  -  Etuie  de  la  partie  ST  suppasee_lapinaire 
a)  Calcul  de  ( Sn+z  )-r  • 

A  partir  de  (2)  on  trouve  (Annexe  Hi) 

(4)  fen^T  a>ltio kn  M  +  Pn  -k  (si  -h  &  All) 

(S^)s,  Sz^JLSz,  I  V5/ 


ou  £,1  =.  JCr  -  Xs 

et  oil  4  03 1  une  constante  coaprise  entre  1  et  2.rf.n»d,  qui  definit  la  distribution  de  vitesse 
entre  S  ct  I  2. 

b)  Determination  de  Z-i 

II  n’est  pas  encore  possible  a  l'heure  actuelle  de  prdvoir  la  transition  par  une  voie  purement 
theorique.  Aussi  deterainerons-nous  X<f  ,  qui  definit  un  "point  de  transition"  k  partir  de  correlations 
exoeiinentales.  La  premiere  correlation  est  due  a  Von  Doenhoff  [ref  6]  qui  a  propose  la  relation  IT t-<  -  y.  Ao' 

.  Horton  [ref  5]  apres  avoir  examine  un  grand  nonbre  de  cas,  propose  une  valeur  differente  do 

la  constante  .  Les  points  de  Horton  sont  reportes,  avec  quelques  points  OHSRA  sur  la 

figure  4  en  ordonnee  reduite  ^L-.^ 

On  constate  qu'aux  faibles  valeurs  de  JLtfzs  ,  les  points  experimentaux  sont  voisins  de  la 
courbe  XfA-t  _  a  alors  que  pour  des  valeurs  plus  eievees  de  3LcTiz  ils  se  rapprochent  de  Ut-f  .  5.  4o 4  • 

v> 

Iiou3  prendrons  pour  nos  calculs  une  courbe  passant  nieux  par  les  points  erpbrinentaux  (Pig.4). 

Ceux-ci  senblent  converger  vers  un  point  ou  pour  700  <- 3l<f*  s  4ooo  .  pa  transition 

se  ferait  alors  juste  au  point  de  dccollenent  laainaire  et  il  n’y  aurait  plu3  de  bulbe.  L’existence  d'une 
telle  valour  linite  de  JLSzs  est  en  accord  avoc  certains  c  rite  res  de  transition  hors  de3  zones  ddcolldes 
*» 3ooo  ,  critore  de  Crabtree  [ref  7]);  par  com; re  d'autres  critbres  come  ceux  de  Michel  ou  do 
Granville  ne  nettent  pas  en  Evidence  une  teHe  valeur  linite. 


2.2.3  -  Determination  du  point  de  recollement  _  (r)  et  des_caracteristiques  dc_la  coucho_limito  en_ce  point 

Posons  i  en  oupposont  pour  1' integration  IT  (x)  linbaire  entre  T  et  R, 

les  Equations  (3)  deviennent 's 
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Nous  suppaierons  qu'k  la  transition  les  quantity  &  n-t-2.  pour  ru-fet  n*a  ,  restent  continues} 

(Snt^-r  sera  alors  doting  par  (4)  et  (  Hm-2  )g  Etant  connu  (  b  »0  )»  (6)  foumit  2  relations  pour 
dlteminer  les  3  inconnues  R  =  (<W)R  ,  VR  ti  ll 

(Hntlj  ft  _  . 

L’ Elimination  de  0 2.R  foumit  une  relation  Ua  (•£*■)}  la  position  du  point  de  recollement 
R  sera  ensuite  obtenue  coame  intersection  de  la  courbe  (  jc  )  Ur  (£1 )  et  de  la  courbe  des  vitesses 
calculEes  en  fluide  parfait.  On  trouve 


(7)  62 

Ur 

-  Ur 

1 

/ 

’  h 

I-UFr1* 
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fa  -u*£) 
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/ 
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ZHoaR 

\  n  / 

Ur  est  ensuite  calculE  par  (6) 

(  Haft  m  -4,52  ;  H°°R  ^  M  ) 


2.2.4.  -  Comparaiaon  avec_la  methode  de_la  [ref  5^  et_aveo  1' experience. 

a)  MEthode  de  la  [ref  5]  :  Horton  utilise  1' equation  de  Karman  (corxespondant  dans  I’snnexe  1 
kn  =  0  3Vec.  Co  -  O  )  et  l'Equation  de  l'Energie  cinetique  (  n»4  avec  Cil- 


i1  Equation  de  Karman  appliquEe  entre  S  et  1,  en  supposant  U»  Us  et  le  coefficient  de  frottement 

Cp  ~o»  entralno  quo  Sit  *Slt>  . 

le  calcul  do  S tR  et  de  la  position  de  R  est  fait  k  partir  de  la  relation  -&A  f.,  M.l  »=.  \  o 

Id*  /  R  ' 

(obtenue  par  combinaison  linEaire  des  2  Equations)  et  de  la  relation  (6)  Ecrite  pour  n»d  en  supposant 
Hyr»  HaR  •  La  valour  de  Xft  thEorique  est  voisine  de  -  0,006,  alors  que  la  valour  moyonno  trouvEo  expE- 
riinentalement  est  de  -  0,0082.  Cet  Ecart  provient  essentiellement  des  approximations  faites  dans  les 
Equations  ( Cn  -  0  )  et  du  fait  qu'  expErinent element  on  n'  obtient  pas  *  (ft-R  ^Oj  mn-in  une  grandeur 

Ar  a  "l/f?  .  Avec  oette  expression  on  obtient  la  relation  cherchEe  entre  Ur  et  ti. 

qui  s'Ecrit  s 


(3) 


Jl-  = 

Sit 


,.1-Ur 


(All  W\'i7» 


b)  comparaison  avec  1'expErience  1 


La  figure  5a  reprEsento  la  distribution  de  vitesses  obtenue  expErimentalement  3ur  un  profll 
d'aile,  dans  des  conditions  d'essais  prEcEdant  d'assez  peu  le  dEcrochage,  et  la  distribution  de  Vitesse 
thEorique  cn  1' absence  de  bulbe.  Celle-ci  a  EtE  reportEe  en  coordonnEes  rEduites  en  fonction 

de  X-  H jr  )  sur  la  figure  6a  ok  sont  traoEe3  Egalement  les  courbes^j  dEduites  des  Equations 

(7)  et  (8).  Cette  dernikre  courbe  (mEthode  de  [ref  5])ne  coupe  pas  la  courbe  des  vitesses,  ce  qui  signi- 
fierait  qu' il  y  a  eu  dEcrochage.  Notre  mEthode  par  contre  prEvoit  un  recollement.  Le  calcul  de  la  couche 
limite  l  l'aval  du  bulbe  a  EtE  effectuE  k  partir  do  la  valeur  de  Si-  ainsi  trouvEe  en  R.  Les  rEsultats 
fig.6b  sont  en  bon  accord  avec  ceux  des  eonda.  de  couche  limite. 

On  notera  que  les  valeurs  de  Si  qu'on  obtiendrait  en  nEgligeant  la  prEsence  du  bulbe  et  en 
supposant  que  la  transition  s'opkre  en  S,  sont  par  contre,  trks  infErieures  aux  valours  expErimentalos, 

2.2.6.  -  La  mEthodo  proposEe  persist  done  d'obtenir  le  point  de  recollement  et  la  valeur  de  Sz  en  ce  point, 

Etant  donnE  que  les  perturbations  que  cette  zone  dEcollEe  entrains  sur  les  vitesses  sont  trks 
faibles,  il  est  de  peu  d'intErlt  de  fairs  le  calcul  complet  (calcul  de  b  )  qui.  penaettrait  d'avoir  une 
2eme  approximation  de  la  loi  de  Vitesse  (nais  qui  nEoessiterait  de  faire  le  couplage  fluide  parfait-fluide 
visqueux,  qui  est  tres  compliquE  en  subsonique  /- 


La  nEcessitE  d'utiliser  une  relation  empirique  pour  dEteminor  la  transition  dans  le  bulbe 
constitue  un  point  faible  de  la  mEthode. 


3  -  APPLICATION  A  U  PREVISION  DU  DECROCHAGE 

3,1  -  Determination  du  nombre  de  Reynolds  au  dessous  duquel  un  "bulbe  court11  ne  peut  plus  exister. 

a)  -  Lorsque  le  nombre  de  Reynolds  varie,  toutes  les  autres  conditions  Etant  fixEes  par  ailleurs, 
il  peut  arriver  que  la  courbe  ( ac  )  (eq  (7))  devienne  tangents  k  la  courbe  des  vitesses  en  fluide  parfait 
(Fig,7a).  Cette  condition  de  tangence  fixe  alors  le  nombre  de  Reynolds  limite  SR-L  • 

-  en  fait  ceci  se  produit  rarement  avec  la  courbo  ( £  )  dEduit  de  ll)  (nais  tres  souvent  par  contre  si 
l1  on  utilise  I'Equation  (8)),  On  trouve  un  point  de  recollement  (Pit,. 7b)  mais  la  longueur  Jiz  de  la  recom¬ 
pression  turbulente  et  par  conoEquent  SlR  <  au^jaente  rapidement  (Fig.8). 

ExpErimentalement  on  a  constatE  qu' un  bulbe  court  ne  pouvait  plus  exister  lorsque  la  recompression 
'devenait  trop  importante. 

r .  .52 
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Crabtree  [ref  8]  indique  una  valeur  limite  da  0,35  pour  PK-Pt  (soit  lf&  «  0,805), 

?s  Us 

b)  divers  processus  asenant  A  la  disparition  da  ce  bulbs  court  peuvent  8tre  Imagines  t 

-  &  causa  da  l'accroissement  important  da  un  ddc^’lement  turbulent  be  produit  un  peu  en  aval  du  point 
da  recoil  emerrt  H,  dans  una  region  oil  les  gradients  de  Vitesse  sont  encore  trfes  dlevds. 

-  la  zone  ddcollde  devient  trop  dt endue  et  la  distribution  de  vitesse  sur  le  profdl  va  subir  des  modifica¬ 
tions  par  rapport  k  la  distribution  cn  fluids  parfait,  modifications  qui  vont  devenir  de  plus  en  plus  im- 
port antes  an  fur  et  &  mesure  que  1‘ incidence  augnente  et  que  la  zone  ddcollde  s'dtend,  La  distribution  de 
pre3sion  dnna  cette  zon8  ccoprend  toujours  une  partie  sensivleoent  isobare  suivie  d'une  reoompression,  mais 
1*  intensity  de  celle-ci  diminue  c’est-A-iire  qua  Ua/Ut  augnente.  le  debut  de  la  re  expression  4}  ne  peut 
plus  8tre  confondu  avec  le  point  de  transition  5  :  en  effet  li.  augaente,£z/f<fn»i)<jdiminu8  (puisque  (Jr 

augeente,  cf  pl.6)  done  )jdoit  croitre  plus  rapidement  que  ne  l'indique  1' Equation  (4)  ce  qui  ne 

peut  8tre  idalisd  que  s'il  existe  une  partie  turbulente  dans  la  region  isobare  (on  a  alors  fJA 

*  f,.  Mr 

la  zone  ddcollde  est  alors  habituellement  appelde  "bulbe  long". 

3,2  -  Ddcrochages  de  bold  d*attaque  i  ddtemination  du  C_  mar. 

Canparaiaon  avec  l1 experience 


3.2.1.  -  Determination  du  C  max. 

—  —  —  —  —  —  —  —  —  z  —  — 

Pour  un  profil  d'aile,  lorsque  le  ddcrochage  a  pour  origine  la  region  du  bord  d'attaque,  on 
constate  experimentalement  2  evolutions  different es  de  la  portanco  en  fonction  de  1' incidence  suivant  le 
nembre  de  Reynolds  : 

-  diminution  progressive  de  la  partance  par  rapport  A  la  valeur  qu'elle  aurait  s'il  n'y  avait  pas  de  ddeol- 
leaent  (pi. 1  »  profil  "E"). 

-  baisso  brutale  de  la  portanco  k  partir  d'une  certaine  incidence.  (Pl.1  :  profil  "A") 

Dans  ce  dernier  caa,  on  pourra  considerer  que  le  C  max.  k  un  nombre  do  Reynolds  _JL  correspond 
a  la  distribution  de  vitesse  pour  laquelle %  l»  R  .  Ceci  suppose  que,  k  C  fi xd,  les  repartitions  de 
vitesse  expdrimentale3  et  en  fluide  parfait  sont  confondues  ;  e'est  assez  bien  virifid  pour  la  majoritd 
des  profils  tant  qu'il  n'y  a  pas  de  ddcollement  dans  la  rdgion  du  B.P. 

3,2.2  -  Application  du  critAre  de  Crabtree  (-^5  =0,805  ) 

La  figure  9  prdsente  les  C  max.  obtenus  en  soufflerie  sur  un  profil  (ONERA  "D")  en  fonction  de 
3Lo*  Des  C  max.  calculds  k  partir  dS  critAre  de  Crabtree  sont  en  asaez  bon  accord  avec  l'expdrience  dsns 
le  domaine  do  Sit,  ou  l'augaentation  de  C^max,  est  tres  rapide. 

Leo  nombres  de  Reynolds  plus  faibles  correspondent  au  ler  type  devolution  de  la  portance  dvoqud 
au  §  3.2. 1..  Le  C  mam.  varie  alors  trAs  peu  avec  Jit,  ;  on  constate  qu'il  est  atteint  lorsque  la  zone  ddcol- 
Ide  occupe  enviroS  6(?£  de  la  corde  du  profil. 

Pour  des  nombres  de  Reynolds  plus  elevds  un  ddcrochage  brutal  se  produit  alors  quo  la  recompros- 
'ion  eat  infdrieure  A  la  limite  trouvde  par  Crabtree,  et  que  1'  accroisoemcnt  de  St  est  noddrd. 

3.2.2.  -  Calcul  du  nombre  de  Rejmolds_ou  apgaratt_un  ddcollement  turbulent  dans_la  rdgion_du  B.A. 

Les  calouls  de  couohe  limite  turbulenV.  tt  partir  du  point  de  recolleaent,  donnerit  des  valours 
deAl_  h  C  donnd  p ruches  des  rdsultats  expdrime  ta  x  dans  le  domaine  1  4  C„max,  •£■  1,6.  Ces  calouls 
sont  trAs  uensibles  k  de  faibles  variations  de  S'lR  par  oxemple  ;  expdrimontaleoent  cette  sensibilitd  so 
retrouve  bien  comne  le  montre  la  Caspar  aison  d'ossais  dans  deux  souffleries  diffdrentos.  Pour  Cz  <-  1,  on 
n'a  pas  mis  en  dvidence  de  ddcollement  turbulent  (pour  Re.  >  0,6. W^),  Le  ddcrochage  doit  correspondre  au 
2 feme  processus  ddorit  au  §  3.1b. 

Pour  C  >  1,25,  les  gradients  de  vitesse  sont  suffisamment  dlavds  k  l'aval  du  bulbe  court  pour 
provoquor  un  ddcollement  turbulent  bien  que  la  valeur  de  CtA  soit  moderde.  Au  delA  de  Cz  =  1 ,6  environ  les 
calculs  ne  prdvoient  plus  un  ddcollement  turbulent  dans  la  rdgion  du  B.A,  Ceci  oat  conformo  aux  ossais  ef~ 
fectuds  par  la  technique  du  bord  d'attaque  agrandi,  qui  penaet  d'obtenir,  sur  la  partie  avant  tronqude  du 
profil,  rdaliade  A  grande  dchelle,  la  configuration  d'dcoulement  du  profil  conplet  [ref  9].  Le  com port ement 
du  bord  d'attaque  est  ainsi  drudid  inddpendamment  de  celui  du  bord  de  fuite. 

Ces  essais.realisds  A  des  nombres  de  Reynolds  JLt,  (calculd3  sur  la  corde  du  profil  dquivalent) 

superieurs  A  2,8, JO*,  n'ont  mis  en  dvidence  aucun  ddcrochage  bien  que  dee  pics  de  survitesse  tres  imper- 

tants  (correspondent  A  des  C  sur  profil  complet  supdrioura  A  2)  aient  dtd  attaints, 

z 

La  limitation  de  la  portance  est  alors  due  aux  ddcollements  turbulente  prenant  naissance  dans  la 
rdgion  de  bord  de  fuite. 

Pour  de  nombreux  profile  ces  ddcollements  turbulents  dans  la  rdgion  du  B.F  apparaissent  a  des 

nombres  de  Reynolds  plus  dlevds  que  les  ddcollements  turbulents  de  B.A.  Les  calculs  preeddsuts  donnerit 

alors  une  valeur  trop  forte  du  C  max. 

z 
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3.3  -  Ddcrochages  de  bong  de  f'lita  - 

Ce  type  de  dderochsge  est  dft  au  ddcolleoent  de  la  coucbe  limits  turbulente  dans  la  rdgion  da  B.F 
oit  les  gradients  de  Vitesse  sent  en  general  ties  moderds  aais  ou  la  coucbe  lisite  est  dpaisse.  Cette  acidi¬ 
fication  de  l'dcouleaent  au  B.F  va  entrainer  une  diminution  do  la  circulation  .par  rapport  a  sa  valeur  ea 
1*  absence  de  decollenent.  la  perte  de  portance  sera  plus  ou  noins  rapide  suivant  que  la  position  da  decol- 
lement  sera  plus  ou  moins  sensible  a  une  variation  d' incidence  ou  de  noobre  de  Reynolds. 

H  sera  iutdressant  de  calculer  pour  une  incidence  donnde,  le  noebre  de  Reynolds  aiiquel  apparait 
ce  decollenent,  ma-is  le  C  calculd  ne  sera  dgal  au  C  max.  a  ce  noobre  de  Reynolds  que  si  le  coefficient 
de  ddplacenent  du  ddcollement  Aw  ou  AXc  est  dlevd. 

Ai>  AJU. 

En  fait  ce  calcul  est  assez  difficile  car  dans  la  rdgion  du  B.F  les  gradients  de  viteases  diffe¬ 
rent  sensibleaent  de  ceux  calculds  en  fluide  parfait  k  afeie  C  ;  il  faut  done  tenir  coopt®  du  couplage  flui- 
de  parfait-fLuide  visqueux.  On  pourra  avoir  recours  k  des  ndtno&es  sinplifides  come  celle  de  la  rdfdrence 

[I0j. 


Le  calcul  cooplet  avec  zone  ddcollee  dans  la  rdgion  du  B.F  n'a  pu  encore  C-tre  effectue  actuel- 
lenent  k  notre  connaissance. 

4  -  CONCLHSIOH  : 

Uho  mdthode  sinple  a  dtd  proposde  pour  calculer  la  position  du  point  de  recollement,  et  los 
caractdristiques  de  la  couche  limite  en  ce  point,  des  zones  ddcolldes  de  tres  faible  dimension  ("bulbe 
court")  provoqudes  par  le  ddcolleoent  de  la  coucbe  limite  laminaire  dans  la  rdgion  du  bord  d'attaque  des 
profils  d'aile  en  incidence.  Ce  calcul  a  permis  de  prdciser  les  processus  du  ddcrochage  en  courant  plan 
et  de  prevoir  la  portance  maximale,  tout  au  moins  dans  une  certaine  game  de  noobre  de  Reynolds 
Trois  courbe3  limites  ont  dtd  mises  en  evidence  dans  le  plan  (Gz ,  _#.<>)  : 

(1)  limite  d' existence  du  "bulbe  court"  (caracterisde,  par  exenple,  par  une  valeur  maximale  de  la  recom¬ 
pression), 

(2)  apparition  des  ddcollements  turbulents  dans  la  rdgion  du  B.A  en  aval  du  point  de  recollecent, 

(3)  apparition  des  ddcollements  turbulents  dans  la  rdgion  du  B.F. 

Pour  des  nombres  de  Reynolds  compris  entre  deux  valeurs  limites  4  et  JLz,  qui  dependent  du 

profil  consider'd,  ces  courbes  penaottent  de  prdvoir  correct oment  la  valeur  du  C  max.  Par  contre,  la 
courbe  (l)  au-dessous  deJl^  ,  et  la  courbe  (3)  au-dessus  deJtz.  donnent  une  dvaluation  du  C  max.  trop 
faiblel  la  connaissance  de  ces  courbes  limites  est  cependant  import ante  pour  la  prdvinion  deZl’appari- 
tion  du  buffeting. 
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AKNKXE  I 

Discussion  des  douations  utilisde3  pour  la  zone  vjsoueuse 

Considdrons  les  dquations  intdgrales  obtenues  en  multipliant  par  U/n  la  premikre  dquatiun  de 
Navier-3tokes  (appliqude  k  l'dcoulemont  moyen  en  turbulent)  et  en  intdgrant  suivant  y  de  0  k  S  (ou 
y  =  6  ddfini  la  frontidre  de  la  couche  limite  sur  lacuelle  u  =  V  )  en  tenant  campte  de  l'dquation  de 
continuitd. 


On  obtient  t 


M 


OU 


avec 


jL 

dx. 


"  An 


feV" 

SnJ*l.±.„±.(^)n  cby 

)0  Pt  V  h  \uj  l 

A  n  =  3)  n  i-  C  n 


Ay 


son 


Ce  terce  compldmentaire On >  difficile  k  ddteminer  esc  en  gdndral  ndgligd,  Hous  allons  examiner 
importance  suivant  l'dquation utilisde. 

r.  .54 
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Qs  jetaoara  pear 

—  n.  =■  O  X'fcatioc  de  Reran  *  . 

—  n.  i  "1  Vfeztion  ce  I’feggfe'dsftiMe 

—  tt  *•  l’fcsttioc  d'ntsiluBast 


Sotocs  cn'tse  autre  expressics  ce  : 
l’esuaticn  de  cactlraitS  : 


est  cctrrrx  i 


tLfiVS-  _  oL£ '  _ 


tu  d.»  a,x.  i  y* J  - 

Cette  equation  cui  dosse  2*  directicn:de  la  vitesse  en  y  »  *£  est  en  e*~es£l  giflisfe  peer  3* 
csoplege  finite  perfait-Coids  visqaeax. 

•  ■ 

l)  importance  dee  gradients  de  gressicn  mrsanx 

a)  le.  plaaerae  (al)  prfaente  des  releres  de  press!  errs  statiepss  effectors  a  I’GKSci  es  essdesest: 

turbalant,  dans  la  sore  decollee  a  I'erriere  d’ura  rarcce  [ref  11  j.  2a as  la  regies  de  recaopressias 
le  terse  t)(p-pe)  represente ^viran*  1 7^  de  cLft.  ,  test  as  soiss  pres  de  la  carai. 

7>x.  d/X/ 

Ce  pourcentegv  liiginne  vers  1‘exteri ear.  •  8 

-  Ea  lacinaire  ce  terse  part  8tre  important  egalerent.  On  peat  s’en  rercre  carpte  iniirectenest  a 
pertir  d'un  execute  sirple  calculi  en  resolvent  les  equations  de  Earier-Stotes  [ref  12].  Cb  constate 
(pi.  a8)  en  effet  que  dans  la  partie  ou  IT-  cS  l’epaisseur  de  esantite  de  coarenest  cfe  emit  de  fspen 
non  nSgligesble  ce  cui  est  ccntraira  a  1*  evolution  prerue  par  1* equation  de  Saaro*?;  end  s’&rit 

cLfo  _  Cf  ^o. 

dlxT  "T"  si  l*on  neglige  C  cui  se  reduit  praticuenent,  cars  1‘eiecrble  considers,  a  la  contribution 

O  *  |  * 


t)  Influence  sur  les  equations  : 

-  pour  n.  grand  :  1' influence  de  ce  terse  3(P-Pc)  sera  tres  faL'ole,  Sa  effet  le  produit 


(ikj^^fP-Rt.Jreste  trfes  netit  lorsque  V  verie  de  0  a  S  !  (**\n  est  nraiicuerent  nul  a^-vf  an  roisina- 
-bx,  '  =  1  Iv?  * 

ge  de  y  =.  6  >  valeur  pour  laquelle  on  a  prt  risenent  W-IO  -  nl  •  i ex  conseauent -le  terse 

s  d~  ”  ' 

I  JLfci.  ( f^y  ’d(P-Pt')  A,  y  est  tres  inferieur  a  j  ft-H  £n  d.ft-1  .J  (rW-l)  <$n.‘  cLlf 
9*  y  I  ftVz  cLoc|  |-  d.~ 

et  il  sera  legitine  de  le  cegliger  d event  le  premier  cenbre  de  l'equation  (al). 

-  pour  n.  faible,  par  contra,  et  parfciculierenent  pour Vi  •=■  O  (equation  de  Karsan)  une  telle  ampli¬ 
fication  n’est  plus  juatifite.  Mads  la  prise  en  conpte  du  terse  en  tfP-Pt,  est  difficile. 

9*.  : 

2)  Importance  das  fluctuations  de  vitesse  en  ^coulecent  turbulent  s 

la  pl&nche  a2  prdsente  des  nesures  de  ■W/'*’  f  sites  dans  un  "bulbe  court"  [ref  13].  Dans  la 

I 

recompression  reprdsente  environ  105®  de  d  P*  .  Son  influence  sur  les  Equations  est  done  du 

mflme  ordre  de  grandeur  que  celle  de  d(P-Pt-)  .  dx- 

-t  8X'  - 

3)  Influence  de  g  j*;  , 

Kn  inccopressible  3/t  .  ~d  v  _  q  et  on  pent  introduire  le  tense  ~b  M.  =  _  3  if  dans  X)  fL  . 

a*-  3/  '  ■  3xl  3y3x 

Cela  revient  h.  consid^rer  au  lieu  de  "D  ,  la  fonction  "L'  =L  -  M.  m  lx.  ( _  3v  \  _  p  aJ  V’ 

•  'a*  May  3^/  r 

On  pourra  en  g^ndral  ndgliger  fx  dv  devant  X»  surtout  en  ecoulenent  turbulent,  sauf 

/■  ,  _  o  i 

^ventuellecent  au  voisinage  de  y  *  o  ou  oxl  et  fuV  deviennent  ires  faibles, 

II  en  result e  que  le  terse  en  /x.  &  pourra  avoir  une  certaine  importance  pour  la  fonction 
u'entrainesent  A“=>  qui  depend  eseentieilenent  du  coaporteaent  de  jJ  au  voisinage  de  y  >  cT  . 

Cela  sera  vrai  surtout  en  Iasi net re,  dans  le  cas  de  trfes  fortes  variations  du  gradient  de  vitesse  extdrieur 
(au  voisinage  de  S,  R  ou  Q  dans  une  zone  decollee  (nl,2)X 


DO 


4)  &r« 


,  I*' 


iWf'nnn 


Lrrstna  tc.  essSt  at  anm  ^gratgrae 
lj  3*«£k&  qpaKSHt  sa22*  Hrrsgar  s.  sobers* 


rrltawe  per  mgggst  aar  atSac  few  aS*  affigateSan  .u — - ....  ---.-t-  ~,,lr~-,,T. 

•faS&rr.Tfianit.  2m  srSTfaicrs  rfcar-I- fairs  4r*=rSeat  t£axc  #Sr*  cS taxon  per  a££E£a£Ssa  *r  2.*£gj*!3asi  t»«r±n5- 
zaicrri  ( tia  J  h  oaafif&an  fnufttfrfe  qn*  2*os  r««-  saws  iii**^ihii  “  <£e  r«>^  I'lfbcSsiiSan  <£* 

X-ss  te£x£sHee  lie  .  Big  eselism  dm  ritewt  fciwaf  Jta*  faiSae  < 

SP&nacSStEi  <£s  y>‘^ww 


Sc  fcfoifx  cue  acras  cssss  ffcf£  {figa^sSagg  o**!  ssjaxStg)  <£c  ot* 

(pear*  £1=^1  m^tipjafiT.tJ  <5®  Ic  fcae  cfc  o»  £nm±5 ass,  ^ps.  gcrrgfc  see  trie: 


JgBSjg  JZ 


3re2na*tf - ra  <Scc  cgrgagtjes  <Se  ferae  fr9n-  c£  <£gc  fccr^teg  J&fli. 

da  d£tem±ae  Ha.-  ci  JJtiee  gfc&rsl  es  gessfut  doe  Sjrpcedise*  xzr  la*  zECfSSs  <5e  -r^ 

«t  acsrl*  Css/tSmmt  •  07. 

l)  £h  ZJKaerezie  saaei  i  rspr&scier  las  rrcfrJs  ds  ritvstm  set  txe  fanr**?*  d&ea&ci  <£*05  rsranifze  er 
focctfcs  darnel  2*s  easH&S*  fctegreEas  perTTw*  Sire  i - -  ■ 


i)  en  lanscire 
;  azdiraees 


- - - — - - :  seces  cscsZMes,  1 

(c=i  srncae  Vox®)  cn  part  teaser  es'il 
e£sar~  - — :  ”  ’  f  *  "’"  * 


eanenr  £1  ast  jfcSS 


;  drrre  ?>«:  *i££V»a'»«s 


i2s  ce  Sfeaerfsaa  (ref  Uj«  d-rmS  2scg  cgf-g*n» 
w  -  *  ,  - —  jr~— —  i—— — » •  ■—■  —  sjiersct  used  2as  strfts  rzcasres.  £es  «**»*«»*  nanS- 

ceile  de  [ref  12}  darssfert  zemetire  de  irsexsr  das  f»r* de  r-~^f«= 


b)  ea  featlei  iasaBsresKsble  :  I'erols^rse  dsU/  a  ygrsizagg  fie  la  tend  est  «actr§aece^ 

x^ade,  et  l*«n  pest  carsidfeer,  peer  le  ealeal  ds*  etzaid&fe  r=£^=E2fis-  ere  l*cn  e.  m  de  irieexe 

®k  «e  Titesse  U.f  lls  peroi  zee  sffle.  Ses  sesres  Seifaes  e  1'OESt  (ref  1l]  art  -nrr^~£  m*  2e 
sooe  de  reesaepressim  d'tn  dfeolleDerf  a  l'sal  d*t=e  aaece,  lea  trcfrls  de  -sifesse  a* 
fajm  satisfeisazte  sars  2a  feme  U-c.  =  Jp  ( V  /  X  )  (  fig' ^5).  , 

V-cxp"  f  ~ 

Sees  arms  aria  peer  2es  catols  2a  forte  c*lszax/.-itci 


sethodes  iategaales 

a)  —  «•'»  m  ts  3; 

_  3/ 

b)  —  U»Vj6  3*. 

0,05.  3y 


£76C  Ky)  lergaear  de  z»l?,~yp 

srec  £  =  K  V  Sz  ,  Z  etaz*  sezarbXeEezt  caastazl,  de  1'ozdre  de 


Ecnis  zrenirons  cette  derzdire  fcjpoffcese  pear  le  calcul  des  caaatitesDn.  lorsqae  a  n'est  pas 
trop  elevd  ;  en  effet,  daz3  ce  cas,  l'zzpr&isien  sar  X-  »  ea  raises  de  l’iatdgratioa  sar  teatc-  l’ezaissear 
de  la  coucfce  lizdte  n'entralnere.  pas  ce  grosses  errears.  II  n'en  est  pcs  de  cfce  pour  le  reln’l  de  j>o> 

•jai  depend  aniouerent  du  cccporfcezent  de  X  eny»tf  (on  pent  d&ontrer  en  effet,  en  cuppcsent  oset-s® 
en y.(f  ,  queDco  y  rfeultat  ma  a  ct4  oateau  directezent  dpm  in  refe¬ 
rence  [l5]  en  ecrivant  1' equation  de  quantity  de  nouvenent  locale  ea  y  » <5  ). 

3)  Evolution  de  Hn.  tkDa  (en  ecoulenent  incotpreseible) 


a)  Ies  figures  a4  et  afi  pr&senteat  1' evolution  de  Ha  en  fonction  de  b »  )b  pris  came  paiszsetre  de  la 
fanille  de  profils  utilise e,  pour  divers es  valeurs  de  n.  • 


b)  Calcul  des  3) ft 
1 


Ies  fonctions  Hrv+1  Ea<lu^  seront  utilisees  par  la  suite  sont  tracees  sur  la  figure  a5  pour  It -4 

et  lice 

-  en  turbulent  :  avec  L  -  ^  ^  ^d  =  KV  Jlj  les  fonctions  Dft  3'dcK.vent  sous  la  force 

pa*  Kta(b}>  elles  no  dependent  plus  de  Si  cais  uniquezent  du  paraaetre  b  .La  fcnction  D<)  cot  tracdo 
sur  la  figure  a7. 


-  en  loninaire 


I=yU. 

/  av 


Enft ).-M/*Vr 


et  JD  (I  peut  o'^crire  sous 


avec 


la  forze  Da 


En  (b) 


r 
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<Bt3a3.  Sm  psadtars  SsH^sSm 


flj  «js  fesuSa—flt  Tarfnafn*  s 
*J  3s*  ^nattSsna  dsD  aP&s£a«ft 

-A.  £u*»  $««».. -j3£  £  iy 

22**  ciac.  V02  &ts.acfj 

an  ga2a^2&Bia  2a*  2  w'r«i  per  l/3**  (Sffi.#2 
acx&S  £E  ’x£cs^  s 


<B£  i;  y^f —  ffic  y^ft-  <fi®  rfi6~r3T^, 


dT  [Jk|[  *  4  *  iht  i=efe“E*^T'<  ** 

J'fertEa  =  [jfa«E«^x  -rer*^ 


on  ^£2^4-2.  £®J  es£  2*  vaSsxr  <£s  Hs.*2Eai3«sr  one  aSirtsas  Xc  irteraSSirtse  snrrsjE^edX.. 

Ces  gaartfasa  traefes  sccr  2a  J*s=*  35  ,  e22ss  vasrfisrt  6s s  pen  ,  sssni  gcmairn  t*an 

f^+2£tL-*£  *  (Mwz  £e)s 

&  c£P£s=r  rices  2es  ebnrtfcce  (2)  *j»s  —  (Hart  £gj>. 

,  le  pl^T-rrn*  (a£)  aitr-tre  2ss  r£ss2±s6s  cfc&enas  per  esc  crusiims  esas  tan  ess  size:*  cut  2s  c*2es3  per 
2o  eanrtfoss  ce  XEiisz-SSabes  *  pa  fcre  effected  [ref  <2 1.  On  vsiriGe  one  2se  vrierrs  tmarase  parr 

S>fes  t&Sm/S^t,  ga  pcirt  ge  gscslleaert  cs  b^O  ,  smi  f&cSaraeB  efc  an  ccgstrte  or*  riles  ear eerfert 
a£en  grar  Is  vriecr  en  ce  pcirt  ce  6z/£ts  <5£i«=£=as  esas  2s  [ref  t2l. 

b)  Css  eo=rtisns  (2)  zgpUcasiss  k  2s  partis  S2  £a  bribe  cncrt  arnri  2ss  fcartians  (4)  Icsssrice 
rs  esrte  cue  2ss  tenses  ch  ler  ertze  ea  &U  .  2c  caasiarte  4L  9=5.  epegrrit  cars  2s  Jamais  est  esnpei- 


:  iraaJ^nax. 


k  ertze  1  ti  2jla»<  .  Css  celears  extrfipes 
i’ecressicE.  s  *  >v  .  .,2. 


:  s  oss  bcases  irfsTiwcc  et  sm&naaaeds 


ce  altesse  surrartes  a 


2)  ea  eaxileaert  turbulent  :  1"-*=^ 

L'ecuaticn  (l)  a'derit  1 

U*-* 


(Us I  \Vsj  t  cbtenes  ea  atUisct 

11.x i  Ji  -  Ail  ( 2vtc-  AO  -  cfe) 

MS  MS  l  OS  / 

v_  =  4-  4U 


i  les  2ois 


=  Da  (bj 


2a  I'integrant  k  pertir  d’un  point  de  transition  ?  IX  visat  : 

1ST  ife  £  ftT  Ax 

oufDa)  r.  •ac.j  est  la  valerr  de  Da  pour  une  abcisse  *4  intersSdiaire  entre  noj-  ntt  . 

L* evolution  de  Da  est  coirs  bien  ccnnue  qu’en  laainaire  du  fait  de  1’ incertitude  sur  X-  • 

-  on  voit  sur  la  figure  a7  que,  an  coins  ju3oue  vers  b  =  0,6,  Di  varie  peu.  On  preadra  done 

=  a>d&=  *  °'°^7 

-  lo  calcul  de  J)oo  est  tres  inprdcis  ( Annexe  II  §  2).  D'apreo  les  analyses  de  sondage3  de  bulbes  courts 
prfeentde3  dans  la  reference  5,  la  valeur  de  l'entrain scant  ddduite  do  1' expression  _£_  cLVjm 

varie  dan3  la  zone  de  recoapression  entre  0,09  et  0,12  IT  ~ Jx 

On  prendra  =  ^co  =  0,1 
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|*3 -OCEff  ma 

A  qS^tf&P  ®C  T'^t  sggtE.  <j #e£t& 

V&SWBr&Z,  €1325=2®- 


£53 -^SS* 

T^rfTrugmrag  da®  cSfagSaceigg  c&u  Barf  ipggsanag  *tur  3w  css«s^^i£SgaBB  abs^asfsaB  £e  wrflfrrm. 
4?®  czSBssp®  jSSGZSB*  —  BfiBSc  7Q£IL> 


£43  -  X.  U3C2S?  £e  2CE.  -  UESSC 

3**-* aea £—  star  2ae  ggsCSEs  t£"«£Bae  es  &auSa— gfc  anfagarfrnnc 
E2Z32*  EffiSnss*,  Gfcr.t^5>« 

"*fe=n*r££aoe  efc  jfateaatafifcaa**  S*  S®,  £&=»  J«3Pj. 

BJ-SEZSKa- 

Asad  msxSsSstS.  fSrteqy  tss  t£*  grawtSa  aa£  teizsiiSag  a£  2ag£ac  aag3enKif.-an  BzmsSsa. 

jascy^'tca. 
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a.  smasstrcsaDcs 


Tditpraaenfl  DtwtS  eff  nntScsSiniffajg  off  BcsfiuSttia  Bcimrfhgy  taper  Ghw  ^husaaotrs  ate sasiaaw  Ebe  i&wtflsp- 
rn ttafl  arnfl  eg  fa'  iwtrfM)*  wBfirih  rg^r  Bgu-rCfy  m  Kj^wrfcl  rfhga  JB#3tI  eg  fee*  eautegs  pr»- 

gnsaifl  dm*  Crr  ase  aifijiatoil  Cat  pesfomm  satSufogfetiSy  £n  fcSsSjr  stzqjSe  Chur  sfitogfosg  «fi£r&  cert  efitea  eg  s aBsssr 
atffirij&gaaar.  Cm  feg  efeiar  Baaig,  tofitr-tenfl  vfogga&y  eaufeSs  frrtteutej  Sax  use  £2  gone  fatewestgg 
s£QxatS>m»  BauaI5y  Basne  at  EarSaaS  eaagss  eg  vaSSity  mfina«  eaSeaafism  Ea  gsmssmS  CaaferBentt  ffour  pmeBlteass  seps*- 
saac*  a  ma$«r  M^sattsfiss  cflaHjHga.  Etorefopmtug  &g  ggmrrafty  vagad,  rrigRte  fc&fy  aggggsay  gocfols 
r«3j£j®*  estonsSwe  easegfarerretsfoa  nsfiSi  Crafioikafi  sBiejs-  Stasis  wife:  fee'afra  eg  snZsBfsg  O-s  wfcteiu  psssSfSe 
aaagg  eg  maaauswfl  rfhits.  CngggCaaaSdjy.  Kan  da£s  ame  (gate  sparse  aarfl  fee  cmrrsat  oerrrpitffag  uxc&dgves  are 
gS-anrtog  to  suafli  enmgga5eaa£we  pnaamecrfc  s&aiSw. 

IBs  gafefiiEs  eg  emSarddam  trsei  cb  crrtefeafl  Brtnm&sy  Caper  resamrem  are  cssaOp  speresSiztd  to  per¬ 
form  csstaas  spjtcsfit  tasks  ami  are  CTtmseiparmCr  to*  eapeasrre  aai  crrAersarme  for  tffigtesE,  eserpreaemsrre 
fcsneKssiCMffis  eg  carBmforc  sisres&x  nastfess.  A  Eefeg  ecsCrre  eg  same  eg  tosse  BsetSeiSs  will  fte  gjvea  bese  to 
Etrf&axse  Bnw  amen  tie  Bear  crftoSgfomal  precs&ses  are  mtraslSy  s»  SsgjiSy  special  Szed  t&a a  they  Bacfc  t&e 
vemiafe&y  wfiatSs  is  esmsfiferetS  msaessarjr  to  tie  eJeaefopcsanS  eg  eagaeasias  tea.  Baggies.  Arsens  fee  e&Sesa 
are  fee  eeg*sk3  matSaifi*  wfiraSs  wife  fee  presecE  fost,  large  caggnters  esrSeate  ■*  eertaia  fcssfe  eg  eag&eaattcai 
sepSESfecsSsm  share  fesy  esrpfoy  gpaesrfSy  carjcsdl5e3  pmsfite  appmexhaattezs  and  attempt  to  hcry  t&e  iSetails 
eg  fee  Ehor  Bs  &H2gjraS  qjgstifees  sfcssaetorrriss  fee  Beuaiaay  Caper,  tjEste  popular  are  ”sS50<6£c^"  tee&nscpes 
wfinrS)  ea&aaer  to  Ereafl  &&  cse-potEJ  Egirrrfyry  rsCae  pse  Esters  aS  &fflcsr£rsy  layer  Obw  as  ara  initial  raise  preE>- 
teta  fia  wfifofii  Edit  (fisriraSrres  eg  dae  forassasms  a£  tie  rssar  fceca&rr  are  s»*s*«S  regeatetgr  caSal  ialagraaiccs 
ec2  to  ESie  ector  Ennrrfhrr  yssSi  aesspcaSCy  etes®  appreascssEisiBS  eg  £&e  ector  bccniarr  sxnfi ticcs.  Competes 
ersto  for  tBfis  EecBcrgae  are  ggSasfcrassa  Str  rarriBte  gCasS  prepesties  two-eSrsessiecal  Goers,  am!  osito  eaac- 
eepta&Se  for  gsmeral  earspressSSe  tSree-eSaatffisfoca!  Gews.  PsreCr  nsrerieal  se&esaes  wfer  east  toe  s®*"- 

ersfag:  &Srmeszi£i  ea radars  fca  ferae  eEStrsatte  forna  ascS  rrareb  afeng  fee  scrfisce  Bare  aefeiered  cocsi«5era&!e 
scmwss,  E®2  tBey  as*  espessfire  to  case  Eeearrse  eg  t&e  a&sessiEy  eg  taJrr-g  small  steps  alecg  fee  scsrfoce  aai 
are  cacalCr  m2S«r  to  nxa  ra  tswse  fcrtorestirg  Gew  pra&tesrs.  Also,  ibe  basic  cecapatirg  se&ecse  is 

CBSSdiy  tte5  to  t&e  PVr«g  pcysfoal  aad  Eramipert  properties  cwtels  wfasse  caaages  resgare  extensive  repro- 
ggasrariirg  arrf  pragrana  neo.-weSspeaest. 

Tte  rrec&rod  easpiowsS  to  e&Cata  t&e  resads  displapied  Ber*  was  developed  in  Reforest*  J,  wirerc  it  was 
apj  "id  to  a  made  raage  <rf  Caasisar,  lane-  arri  t&re*-<5csessiccal  bcasogeseoas  and  two-coapooni  Hoars.  By 
espSogriag:  a  sesrsaailytrca!  appromea  nfiseb  refer;  rs  fee  fearticcal  fora  of  fee  Cesic  relalioas  in  fee  formal 
analytical  efcsnSkes  of  fee  <S(fo(*sfexl  wgaaUaas,  Bair  fefforcsciEg  is  svoitxxS  s»  lor  cospoicr  is  used  for 
fcaeaicn  evafoatioo,  data  stocagt  aod  (paadratares  ia  fee  Goal  stages  of  fee  calculation.  The  solution  is  exact 
is.  feat  arbitrarily  &*•&  order  of  accuracy  esa  be  obtained  and  fee  feactiocal  approach  offers  a  high  degree  of 
versatility  together  with  efficient,  ecwacntsal  ccmpciaticos. 

The  potential  of  fee  method  is  exhibited  in  parametric  studies  of  tarbalcal  viscosity  models  is  separat¬ 
ing  two-dimecsiccal  flows  and  fee  effects  of  crossflow  ia  three-dimensional  separating  flows.  A  sample  1am- 
taar  flow  airfoil  calculation  is  included  to  shew  a  possible  applical:oa  as  an  engineering  tool  if  a  reliable  tur¬ 
bulent  viscosity  model  coaid  be  developed.  Advantage  is  iskea  of  this  method  to  investigate  fee  influence  or 
fee  principal  parameters  qacilr  an d  economically,  la  contrast  to  fee  usual  turbulent  flow  studies,  which 
d-ivenlnite  oo  a  limited  camber  of  specific  calculations,  fee  attitude  taken  here  is  feat  physical  insight  and 
understanding  can  be  most  readily  obtained  from  illustrations  of  the  influence  of  parameters  such  as  fee  Mach 
camber,  wall  cooling,  suction,  turbulent  viscosity  models  and  fee  three-dimensional  aspects  of  fee  flow.  Our 
position  here  is  teal  of  a  user  rather  than  a  developer  of  turbulent  flow  models,  and  our  study  is  aimed  at 
development  of  an  engineering  understanding  of  influence  for  fee  common  parameters  so  that  boundary  layer 
flows  on  aircraft  surfaces  can  be  calculated  reliably.  Heretofore  it  has  not  been  possible  to  separate  clearly 
the  influence  of  parameters  used  in  turbulence  models  from  idiosyncrasies  of  fee  computational  schemes  in 
which  they  are  incorporated. 

2.  GOVERNING  EQUATIONS 

Three-dimensional  boundary  layer  flow  equations  are  well  known  so  that  only  their  final  form  will  be 
shown  here.  Wife  *hc  use  of  the  usual  lower  order  Reynolds  time-averaging  process,  fee  laminar  and  turbu¬ 
lent  equations  assume  identical  functional  forms,  thus  permitting  the  use  of  a  single  solution  procedure.  A 
form  convenient  for  computations  is  given  by  Chan-  who  transforms  the  basic  equations  to  balance  the  purely 
self-similar  terms  by  the  nonstmiler  terms  which  contain  all  fee  derivatives  along  the  surface  of  the  stream 
and  enthalpy  functions  together  v.  1  all  their  transformed  normal  derivatives,  i.e.. 
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The  coefficients  A,j  and  the  nonsimilar  terms  Ht  arc  functions  of  surface  geometry  and  flow  conditions. 

Thus,  for  instance,  the  simplest  Falkncr-Skan  type  flows  are  characterized  by  A.,  l.o,  A  .  £  the  pressure 
gradient  parameter,  and  A,j_  0  _  n  for  all  other  1  and  .1 


\ 

I 


6-3 


| 


3.  METHOD  OF  SGLUTIO:. 


Tbt  basic  method  employing  generalized  operators  of  functional  analysis  was  developed  in  Reference  1, 
■where  it  was  analyzed  and  applied  to  a  wide  range  of  two-  and  three-dimensional  problems.  A  brief  outline  of 
tee  basic  approach  is  given  here  and  a  specific  example  of  two-dimensional  incompressible  flow  is  in  the 
Appendix  to  show  the  details  of  the  application  of  the  scheme.  Three-dimensional,  compressible  calculations 
proceed  in  an  entirely  analogous  manner  but  are  too  unwieldy  for  inclusion  her".  In  operator  iorrn  Equation  1 
may  be  expressed  as 

(3) 

(4a) 


wcere 


[fXi'i 


v  -  F  -6  =  G 

('  ..  .i  c  ’\ 

Cfj  ,  Cf, ,  pp  g  I,  a.  column  vector 
F  =  a  diagonal  matrix  with  the  elements 
+  A12f,),  C1  (An  fj  -  A12f,),  Pr  C1  (Au  ^  ~ 


Integrating  formally 


with 


G  =  a  column  vector  consisting  of  all  the  remaining  terms. 

>7 

v  =  t>(0)  •  <t>  *  +  d-*  j  <t>  •  F  d  n 
o 

<t>  =  exp  Fd^ 


(4b) 

(4c) 

(5) 

(6) 


The  constant  of  integration  0(0)  is  obtained  from  the  boundary  conditions  which  are  brought  in  through  an 
integration  of  Equation  3  over  the  whole  interval  {0,-s.] .  In  operator  form: 


0  =  P(d) 

where  P  is  a  nonlinear  operator  which  itself  is  a  function  of  0. 
for  an  attempt  at  an  iteration  scheme  of  the  type: 


V) 


In  the  form  of  Equation  7  the  problem  is  ready 


0. 


i-^1 


=  P(dj) 


i  =  0,1- 


(8) 


Convergence  of  the  iteration  was  discussed  in  Reference  1  where  it  was  shown  that,  in  general,  simple 
iteration  schemes  diverge  for  the  more  interesting  boundary  layer  flows,  and  means  for  ensuring  convergence 
had  to  be  devised.  Restriction  of  the  range  of  the  operator  P  which  in  most  cases  could  be  achieved  by  means 
of  simple  weighted  averaging  of  successive  approximations  was  adequate  for  rapid  coin crgence  to  an  answer 
of  arbitrarily  high  order  of  accuracy  for  most  engineering  problems. 

Tl.e  present  approach  computes  the  highest  order  derivatives  normal  to  the  surface  in  terms  of  the 
integrals  of  the  functions  themselves  so  that  the  usual  finite  differencing  problems  are  avoided  entirely.  Wall 
shear  stresses  and  heat  transfer  are  computed  with  integrals  over  the  whole  domain  and  their  values  are  quite 
insensitive  to  the  method  of  integration  or  the  integration  step  size.  Finite  differences  appear  in  the  calcu¬ 
lations  of  H,  but  these  are  relatively  unimportant  since  by  the  fundamental  boundary  layer  assumption  the 
derivatives  along  the  suifacc  are  an  order  of  magnitude  smaller  than  those  normal  to  it.  In  contrast  to  the 
stability  requirements  of  the  finite  difference  techniques,  there  are  no  mathematical  limitations  on  the  step 
size  along  the  surface  so  that  flow  regions  with  relatively  mild  variations  may  be  spanned  rapidly  .and  eco¬ 
nomically.  It  should  be  noted  that  the  present  method  differs  significantly  from  the  Hartree-Wormersley 
scheme  in  that  the  derivatives  along  the  surface  are  updated  at  each  iteration  rather  than  trailing  one  step 
behind.  Thus  a  much  more  rapid  diffusion  of  profile  distribution  information  is  achieved. 

The  method  is  essentially  analytical  because  the  banc  equations  are  integrated  formally  so  that  the 
parameters  C,  Pr  and  R  appear  explicitly  until  the  final  quadratures  are  performed.  By  placing  C,  Pr  and  R 
in  separate  subroutines,  parametric  studies  of  models  of  ianunai  and  turbulent  fluid  properties  variations  are 
performed  with  only  a  few  card  changes  in  the  program.  The  computations  are  not  in  any  way  tied  to  any  par¬ 
ticular  C,  Pr  and  R  relations  so  that  the  method  is  well  suited  to  analytical  "experimental"  research.  Com¬ 
prehensive  parametric  studies  in  References  3,  4  and  5  arc  typical  of  such  research  efforts. 

The  validity  and  accuracy  of  the  technique  were  established  in  the  cited  reference,  which  show’ed  that 
4-dccimal-place  accuracy  could  be  achieved  in  most  cases  with  150  trapezoidal  integration  steps  ac.oss  the 
boundary  layer.  Fewer  integration  steps  are  needed  with,  for  instance,  Simpson's  rule,  and  the  results  are 
insensitive  to  gross  overestimates  of  bound.. ry  layer  thickness  because  of  the  exponential  form  of  the  inte¬ 
grating  factor  0  which  drives  the  highest  order  derivatives  to  zero  in  the  outer  regions  of  the  boundary  layer. 

A  boundary  layer  thickness  ov  ere '■ornate  of  a  factor  of  2  left  the  results  virtually  unaffected.  In  nonsimilar 
calculations  the  transformed  normal  coordinates  arc  scaled  by  the  transformed  coordinates  along  the  surface 
so  that  in  the  transformed  plane  where  the  computations  are  performed  boundary  layer  thickness  varies 
slowly  with  the  actual  body  coordinates.  Computer  core  storage  is  108K  when  running  the  full  equations  with 
turbulent  flow  on  an  infinite  yawed  wing.  A  complete  computation  at  a  station  on  a  body  requires  about  3  sec¬ 
onds  of  IBM  360,  6o  time  so  that  calculation  of  a  boundary  layer  on  a  typica,  profile  requires  about  1  minute  of 
computer  time. 

Accuracy  o.  the  piesent  separating  flow  calculations  was  checked  by  comparison  with  Reference  6,  which 
in  turn  checked  with  the  results  of  Rogers^,  who  claimed  6-decimal-place  accuracy  for  his  results.  The 
sample  comparisons  in  Table  1  are  for  self-similar  boundary  layers  with  C  =  1.0  =  Pr. 
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TABLE  1.  COMPARISON  WITH  SOGERS  FOR  f  (0)  =  0,  C  a  1.0  s  Pr 


n 

Reference  6  Rogers 


No.  of  Steps 

Step  Size 

80 

-P 

So 

-P 

So 

250 

.036 

0.2 

.30862 

.22601 

.30862 

.22601 

200 

.036 

0.2 

.30865 

.22602 

150 

.080 

0.6 

.24756 

.12509 

.24757 

.12510 

The  present  program  using  Simpson's  rule  with  between  70  and  120  integration  steps  checked  the  above 
results  satisfactorily,  and  thus  its  accuracy  is  considered  to  be  good  to  at  least  3  decimal  places. 


4.  RESULTS 

This  section  summarizes  the  results  of  parametric  studies  of  two-  and  three-dimensional  separating 
turbulent  flows.  In  the  first  part,  the  number  of  flow  field  parameters  is  minimized  by  considering  self¬ 
similar  flows  and  comparing  the  predicted  separation  pressure  gradients  for  three  fairly  representative  eddy 
viscosity  models.  Three-dimensional  flow  effects  are  studied  in  the  following  section  employing  a  turbulent 
viscosity  model  modified  to  account  for  the  crossflow  velocity  gradients.  Finally,  because  of  the  obvious 
lack  of  a  reliable  turbulent  viscosity  model,  prediction  of  separation  on  airfoils  is  found  to  be,  at  the  present 
time,  impractical,  and  a  laminar  flow  calculation  for  a  NACA  0012  airfoil  is  displayed  to  show  that  such  cal¬ 
culations  represent  routine  preliminary  design  type  of  applications  of  the  present  computing  technique. 

Two-Dimensional  Separating  Flows 


Self-similar  flows  are  characterized  by  a  few  parameters,  thus  enhancing  the  display  of  the  character¬ 
istics  of  various  eddy  viscosity  models  investigated  parametrically.  The  turbulent  viscosity  models  consid¬ 
ered  here  are  fairly  representative  of  the  current  thinking  in  the  field  and  are  selected  here  without  any 
intent  to  advocate  or  criticize  any  particular  relation  but  simply  because  of  ready  availability  in  the  literature, 
In  the  models  of  Ng,  Patankar  and  Spalding8  and  Cebeci  and  Smith®,  use  is  made  of  essentially  the  classical 
Frandtl  mixing  length  model  with  damping, 

<  *  *3  •  Sj  • 1  -  (-  A  Vf)  <9> 

This  is  the  model,  except  for  some  changes  in  the  constants,  used  in  Reference  8,  but  Reference  9 
attempts  to  account  for  the  effects  of  pressure  gradient  by  modifying  the  friction  velocity  relation 


On  the  other  hand,  Alber10  follows  the  suggestion  of  Lees  and  avoids  the  problem  of  <  -»■  0  as  r-*  0  by 
choosing  f  _ _  vl 


<  ®  x.  u.  „  1  -  exp 

o  1,6 


v2,i>; 


Near  separation  the  basic  relation  (Equation  9)  is  not  expected  to  be  valid  since  not  only  the  velocity 
gradient  but  also  the  damping  term  tend  to  disappear,  and  thus  <  virtually  disappears  in  an  extended  region 
near  the  wall.  This  situation  is  not  acceptable  on  physical  grounds,  so  that  the  model  of  Reference  8  should 
not  be  expected  to  be  applicable  and  is  included  here  mainly  for  comparison.  The  model  of  Reference  9 
attempts  to  remedy  the  situation  somewhat  by  not  permitting  the  damping  term  to  vanish  at  separation.  The 
model  of  Lees,  as  ad  pted  by  Alber,  is  quite  different  as  it  assumes  a  different  variation  of  <  with  the  normal 
coordinate  and  <  does  not  vanish  as  the  velocity  gradient  disappears. 


Although  the  above  models  were  not  developed  specifically  to  account  for  the  effects  of  suction,  this 
effect  was  included  in  the  parametric  study  since  it  is  frequently  employed  in  engineering  systems  to  delay  or 
prevent  separation.  The  three  turbulent  viscosity  models  were  selected  for  the  study  to  indicate  the  differ¬ 
ences  between  two  models  developed  specifically  for  highly  retarded  or  separating  flows  (References  9  and  10) 
and  to  compare  the  predicted  separation  pressure  gradient  with  that  computed  using  a  well-known  eddy  vis¬ 
cosity  model  (Reference  8). 


For  all  the  compressible  flow  calculations,  the  frequently  employed  Howarth-Dorodmtsyn  type  of  trans¬ 
formation  (e.g.,  Mager11,  Spence12)  is  followed  and  all  the  lengths  in  the  describing  relations  are  trans- 

,-y 

formed  into  hoc J  pdx^  with  p  being  the  local  density  and  x^  the  coordinate  normal  to  the  surface.  The  new 

Mach  number  data  do  not  include  this  somewhat  speculative  assumption,  and  thus  the  models  are  compared  ;n 
their  original  form, 

2 

The  predicted  separation  pressure  gradients  (i  -  din  uj  e/dlnx  for  incompressible  flow  are  shown  in 

Figure  1  for  three  viscosity  models  and  a  range  of  suction  rates.  The  models  of  References  8  and  9  agree  for 
the  lower  and  intermediate  suction  rates,  but  disagree  strongly  for  the  high  values  of  fs.  For  no  suction  the 
model  of  Alber  predicts  a  50  percent  greater  separation  pressure  gradient  than  the  other  two  models.  In  Fig¬ 
ure  2  we  show  the  complete  lack  of  agreement  among  the  models  on  the  separation  profile  shape  factor 
H  -  6k  Again,  however,  the  models  of  References  8  and  9  agree  for  no  suction  but  differ  strongly  from 


the  model  of  Reference  10.  The  results  tend  to  indicate  that,  for  no  suction  at  least,  the  modification  of  the 
damping  term  by  Reference  9  is  not  worthwhile  for  the  prediction  of  separation  pressure  gradient.  It  may  be 
of  interest  to  note  that  an  incompressible  laminar  boundary  layer  is  known  to  separate  at  p  =-0.2,  so  that  the 
predicted  results  of  all  the  models  appear  unrealistically  low. 

Unlike  the  other  two  eddy  viscosity  models,  the  relation  of  Reference  10  was  developed  f  .fically  for 
separating  flows,  and  was  therefore  used  in  a  brief  study  of  Mach  number  and  wall  cooling  effe.  (Figure  3). 
It  should  be  noted  that  the  essentially  incompressible  eddy  viscosity  model  of  Reference  10  predicts  an  oppo¬ 
site  influence  of  wall  cooling  from  that  normally  observed  experimentally.  Since  the  accuracy  of  the  calcula¬ 
tions  and  the  method  of  solution  are  clearly  established,  some  of  the  anomalies  observed  in  the  computed  data 
must  be  due  to  the  assumptions  of  the  eddy  viscosity  model  and  its  dependence  on  the  compressibility  effects. 
The  scarcity  of  basic  experimental  data  on  suction  retarded  compressible  flows  renders  any  calculated 
results  somewhat  speculative  and  points  out  the  need  for  studies  such  as  this  one  to  expose  the  characteris¬ 
tics  of  various  turbulent  viscosity  models  in  a  wide  range  of  engineering  situations. 

Three-Dimensional  Flow  Effects 

Three-dimensional  flow  effects  were  investigated  briefly  to  determine  the  sensitivity  of  the  predicted 
separation  pressure  gradient  results  to  small  amounts  of  crossflow.  A  very  simple  shape  with  a  decelerating 
pressure  gradient  in  the  flow  direction  and  outflow  normal  to  it  was  considered.  Such  a  flow  field  approxi¬ 
mates  that  found  on  a  three-dimensional  Oswatitsch  spike  or  an  axisymmetric  compression  spike  at  a  slight 
angle  of  attack.  The  strength  of  the  crossflow  is  characterized  by  a  parameter  a  which  is  a  function  of  the 
Mach  number  and  geometry  and  is  defined  in  terms  of  the  crossflow  velocity  u2  ,  cone  angle  6C>  and  the 

most  windward  velocity  u,  as:  ’ 

i,  e 


A 

a 


2a2u2.e/ax22 

3  ui,e  sin  ac 


(12) 


Two-dimensional  viscosity  relations  when  applied  to  three-dimensional  separating  flows  tend  to  give 
anomalous  results  of  questionable  engineering  utility.  After  some  experimentation  with  various  forms  it  was 
found  that  reasonable  results  could  be  obtained  when  the  crossflow  effects  were  introduced  in  the  form 
o\l/2 

I  where  f,,  f2are  the  nondimensional  velocity  gradients  on  the  longitudinal  and  transverse 

directions,  respectively.  The  resulting  expression  was  used  in  the  turbulent  viscosity  relation  proposed  by 
Reference  8  and  longitudinal  pressure  gradients  required  to  cause  separation  were  computed  for  E  -  0,  0.5 


f  =■ 


(Mach  numbers  0  and  /s ),  three  suctior  rates  (f^  =  0, 1.0,  2.0)  and  crossflow  parameters  up  to  C.5,  Some  of 
the  calculated  results  are  summarized  in  Table  2  and  shown  in  Figure  4. 


TABLE  2.  SEPARATION  PRESSURE  GRADIENT  P,  E  =  0,  f  =  0 


o=0 
-P  =  0.2 


0.1 

0.28 


0.3 

0.4 


0.5 

0.51 


The  extreme  sensitivity  of  the  results  to  small  crossflow  is  readily  appreciated  when  it  is  pointed  out 
that  a  cone  in  Mach  1.5  flow  generates  a  value  of  crossflow  parameter  P  of  0.12  at  only  1  degree  angle  of 
attack.  These  data  indicate  that  semiempirically  derived  separation  criteria  should  be  carefully  examined  to 
determine  the  extent  of  influence  of  three-dimensional  flow. 


Airfoil  Calculations 

Predictably,  the  general  lack  of  agreement  among  the  turbulent  models  appears  in  turbulent  airfoil  cal¬ 
culations,  and  therefore  the  demonstration  of  the  use  of  the  computing  technique  is  limited  to  calculations  of 
laminar  flow  over  a  NACA  0012  airfoil  at  Mx  -  0.4,  gs  -  0,9,  and  chord  Reynolds  number  of  100,000  with 
pressure  distribution  taken  from  Reference  13.  The  variation  of  the  displacement  thickness,  shear  stress, 
and  the  pressure  gradient  parameter  with  the  chordwise  coordinate  is  shown  in  Figure  5.  Complete  compres¬ 
sible  three-dimensional  relations  were  actually  calculated  but  the  crossflow  terms  were  then  annihilated  by 
setting  all  the  crossflow  A^'s  equal  to  zero.  Calculations  were  made  at  1/30  chord  intervals  and  the  whole 

computation  including  the  iscnlropic  expansions  needed  for  coordinate  transformations,  requited  0.57  minute 
of  IBM  300/65  time.  No  attempt  was  made  to  accelerate  calculations  which  proceeded  automatically  from  the 
basic  inputs  of  geometry  and  flow  conditions.  The  point  of  separation  could  have  been  approached  more 
closely  but  this  refinement  was  not  deemed  worthwhile  because  of  the  doubtful  validity  of  nonsimilar  boundary 
layer  equations  near  separation. 

The  rate  of  increase  of  the  displacement  thickness  rises  rapidly  as  separation  (rfa-»0)  is  approached. 

It  should  be  noted  that  with  a  fairly  flat  P curve  such  as  exhibited  here  a  40  percent  change  in  predicted  sepa¬ 
ration  pressure  gradient  P  results  in  a  shift  of  predicted  point  of  separation  fiom  xj,  l  -  0.5  to  0.4.  Such 

differences  are  well  within  the  kind  of  prediction  oi  the  turbulent  models  considered  here,  so  at  the  present 
time  predictions  of  separation  do  not  appear  to  be  fruitful.  The  need  for  the  development  of  reliable  turbulent 
viscosity  models  is  thus  quite  apparent. 


€7 


6-6 


5.  CONCLUSIONS 

Our  results  indicate  tliat  at  least  three  of  the  currently  employed  turbulent  viscosity  models  fail  to 
agree  on  the  predicted  two-dimensional  flow  separation  pressure  gradient.  More  importantly,  we  have 
exhibited  the  extreme  sensitivity  of  the  results  to  crossflow  elfects.  Current  efforts  being  analyzes  are 
aimed  at  exhibiting  the  effects  of  Mach  number,  pressure  distribution  and  sweep  on  the  separation  on  typical 
transonic  wings.  On  the  basis  of  the  computed  results,  it  is  concluded  that  turbulent  viscosity  models  must 
be  approached  with  some  degree  of  caution  when  a  wide  range  of  parameters  is  considered,  and  that  purely 
two-dimensional  calculations  are  frequently  of  doubtful  value  in  the  analysis  of  typical  aircraft  flow  problems. 
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APPENDIX  ,  i 

! 

Here  we  consider  the  details  of  application  of  the  present  method  in  the  case  of  simple  two-dimensional, 
incompressible,  nonsimilar  flow  with  C  =  i.O.  This  particularly  simple  example  is  chosen  for  clarity  since 
extensions  to  more  general  three-dimensional  compressible  flows  follow  immediately  from  the  discussion  in 
the  paper.  The  governing  equation  is: 

. ..  '  I  /  -2\  • 

(A-laj 

(A-lb) 
(A-lc) 

(A-2) 


with 


and 


ff"  =  -fifl-  f'^H 


>7=0 


*7  -►05 


f  =  fn 


f  -1.0 


f  =  0 


Integrating  formally  with 


<t>  =  exp  ^  J  fd^ 

f"  =  t’1  u”  -0  j\i  -  f'2)  d:dn+  J H*dnj 

\  0  O' 


(A-3) 


Shear  stress  at  the  surface,  f^' ,  is  evaluated  in  the  next  integration,  which  brings  in  the  boundary 
conditions  •  . 


1  + 


f"  = 
o 


00  T] 

J  04>~l  J  (1 


■  f’  )ddndn+  J  *  J  H^dndij  1 

o  o 


■r 

I  <f~1 


d  r) 


and 


f'  ,=  j  f"dn  f  =  j’f'dn  +  f0 


(A-4) 


(A-5) 


The  computation  proceeds  as  follows:  ’ ,  1 

A.  First  point  on  the  body 

1.  Set  <  =  0 

2.  Start  with  arbitrary  ff'f".  Linear,  constant  and  exponential  decay  are  qujte  adequate, 

3.  Compute  the  first  approximation  for  f"  using  Equation  A-3  ; 

4.  Set  fj*  =  (f^  +wfj')/(l+w).  Usually  w=  1  suffices. 

5.  Compute  f',  f  using  Equation  A-5 

i 

6.  Repeat  steps  3-5  until  satisfactory  convergence  is  attained. 

A  typical  example  of  such  an  iteration  is  shown  in  Figure  6  for  the  case  of  a  cylindrical  stagnation  point 

* 

compressible  flow.  The  variation  of  viscosity  with  enthalpy  is  u  «  h  ,  h  being  static  enthalpy. 

B,  Second  point  on  the  body 

1.  Compute  f .  Set  H  =  0 

2.  Compute  f"  using  existing  profiles  (from  the, first  point)  1 

3.  Set  fj  =  (fg  +wf^')/(l  +w)  • 

4.  Compute  fj,  f^  i 

5.  Compute  H  using  simple  differences 

6.  Repeat  steps  2-5  using  profiles  computed  in  the  preceding  iteration.  .  1 

From  the  third  point  and  onwards  H  may  be  computed  using  3  point  difference  formulae,  but  this  refine¬ 
ment  becomes  vorthwliile  only  in  cases  of  significantly  rapid  longitudinal  variation  of  the  flow.  Note  that  4 (  ' 
is  determined  externally  to  the  calculation  and  reflects  the  judgment  of  the  user  regarding  an  adequate 
description  of  the  flow  and  geometry. 
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FIGURE  5.  NACA  0012  AIRFOIL  BOUNDARY  LAYER 
CALCULATION,  M»  =  0.4,  Re  =  105,  g  =  0.9 


FIGURE  6.  RATE  OF  CONVERGENCE 
OF  ITERATION. 

E  =  0,  0=  0.5,  Pr  =  0.7,  s,  -  0.745,  g  =  0. 
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Summary 


She  hi.ilift  capabilities  of  airfoils  are  restricted  by  the  boundary  layer 
separation  cn  the  upper  airfoil  surface,  therefore  it  ir  obviously  desireabie  to 
design  airfoils  with  pressure  distributions  whie„  shift  the  onset  of  separation 
to  higher  angles  of  attack.  In  doing  this  the  topside  nose  region  beccnes  more 
and  more  important,  not  only  with  respect  to  the  nazisur  lift  but  also  for  pest- 
stall  behaviour.  Fortunately  the  nose  region,  especially  with  canbered  airfoils, 
is  to  sene  extent  free  for  modifications  which  do  not  necessary  injury  the  air¬ 
foil  drag  qualities  at  low  incidences  i.e.  at  high  speeds. 

As  long  as  the  Eachnurber  stays  below,  say,  .2  the  design  task  on  the  one 
hand  strives  for  lower  velocity  peaks  at  the  nose  insofar  as  this  is  compatible 
with  the  high  speed  requirements ,  and  on  the  other  hand  for  reduced  velocity 
gradients  behind  the  peak  in  the  first  4-10^  of  the  chord  to  produce  turbulence 
without  a  pronounced  laminar  separation  bubble.  In  other  words,  one  aims  for  more 
favorable  initial  conditions  for  the  turbulent  boundary  layer  while  at  the  same 
time  avoiding  the  critical  bursting  of  the  separation  bubble. 


At  higher  Eachnumbers  and  high  angles  of  attack  local  supersonic  fields  will 
soon  develop  which  are  usually  terminated  by  a  shock.  The  best  boundary  layer 
control  in  this  case  is  to  avoid  the  shock  by  an  appropriate  design  of  the  airfoil 
nose  for  a  given  angle  of  attack  and  Eachnumber.  The  resulting  form  of  the  airfoil 
nose  for  shockless  How  turns  out  to  be  quite  near  to  the  optimum  form  produced  by 
the  first  design  task,  which  takes  into  account  only  boundary  layer  considerations. 
Therefore  it  can  be  expected  that  an  airfoil  designed  for  high  lift  at  a  certain 
Machnumber  say  .5,  will  have  excellent  high  lift  values  not  only  at  this  but  also 
at  lower  Machnumbers ,  down  to  the  incompressible  case. 

The  common  feat>ire  of  these  airfoils  is  a  slight  second  peak  in  the  curvature 
at  4  -  10^  of  the  chord.  The  effectivity  of  this  "hump"  to  increase  the  C.  will 
be  shovai  by  experimental  results.  ^  max 


1 .  Introduction 


The  maximum  lift  of  an  airfoil  and  its  stall  behaviour  are  important  qualities 
of  any  airfoil.  They  are  strongly  influenced  by  details  of  the  boundary  layer  deve¬ 
lopment  and  obviously  any  airfoil  through  its  form  and  pressure  distribution  exerts 
some  sort  of  boundary  layer  control. 

It  is  now  an  interesting  question  to  see  what  can  be  gained  with  respect  to 
the  maximum  lift  if  the  form  of  the  airfoil  is  designed  to  produce  the  desired 
boundary  layer  control  for  a  specific  value  of  the  Reynolds-  and  Machnumbers. 

Since  the  underlying  concepts  are  by  no  means  new  it  is  the  purpose  of  this 
paper  to  illustrate  the  expected  improvements  by  some  experimental  results. 


2.  High  lift  at  low  Machnumbers 

At  higher  angles  of  attack  all  airfoils  develop  a  small  "laminar"  separation 
bubble  on  the  upper  side  near  the  leading  edge,  even  at  high  Reynoldsnumbers .  This 
separation  has  a  strong  and  well-known  influence  on  the  maximum  lift.  The  most 
striking  feature  of  this  tiny  bubble  is  the  ability  to  break  up  and  burst  into  a 
big  separated  region.  For  thin  airfoils  this  happens  early,  and  due  to  the  relati¬ 
vely  low  incidences  the  separated  turbulent  layer  will  soon  reattach. 

V/ith  increasing  incidences  the  lift  and  the  bubble  grow  until  the  reattaohment 
line  reaches  the  trailing  edge.  The  maximum  lift  is  moderate  and  the  "thm  airfoil" 
stall  is  steady. 

V/ith  airfoils  of  medium  thickness  the  length  of-  the  laminar  separation  bubble  will 
be  reduced  with  increasing  incidences  and  reaches  the  break  up  condition  only  at 
high  angles  of  attack. 

A  steady  transition  is  now  impossible.  The  bursting  of  the  bubble  causes  completely 
separaced  flow  and  a  sudden  and  significant  loss  of  lift.  This  characterizes  the 
leading  edge  stall. 
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ISsS-cksT  sSz£a£ls  t is  secarat&cs  o£  ■ftSj*  IfcBr&alffinS  feccasiaiy  layer  In  j£rcgrfc 
of  tk®  trailing  eigs  prevails  ard'ta?  stall  will  fee  regefead  before  tbs  sapa- 

ratier  babble  at  tfee  rase  feecaiEes  critical.  2be  trailing  edge  stall  ray  be  mare  or 
less  steady  depending  an  bow  fast  tbe  separation  point  of  tie  tnrbalamt  boundary 
layer  mores  forward.  3ven  in  tfeis  case  tie  tiny  lari  mar  separation  babbie  ias  its 
effect;  da e  to  tie  large  gressnre  differences  and  tie  tyre  of  pressure  distributions 
associated  with  high  angles  of  attack,  tie  turbulent  boardary  layer  becomes  more 
niore  sensitive  to  tie  initial  conditions  and  without  doabt  tie  laminar  separa¬ 
tion  babble  at  tie  nose  ias  a  strong  and  detrimental  influence  os  tie  turbulent 
boasdary  layer  [l]» 

Sins  it  may  be  interesting  to  design  airfoils  with  little  or  no  laminar  sepa¬ 
ration  and  to  see  if  it  is  possible  to  increase  tie  maxima  lift  or  to  charge  tie 
type  of  stall. .  Titi  respect  to  tie  laminar  boundary  layer  this  rears  locally  reduced 
pressure  gradients  in  tie  nose  region  a  shift  of  tie  separation  point  behind 
the  transition  point. 
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She  chord  length  necessary  to  provoke  the  transition  shortens  with  increasing 
Beynolasnunber.  On  the  ether  hand,  speaking  in  terms  of  airfoil  design  it  is  easier 
to  change  the  pressure  gradients  over  a  short  rather  than  an  extended  chord  length. 
'Therefore  the  full  benefits  of ^ this  old  concept  [2]  can  be  expected  rather  at  higher 
Heynoldsnunber,  say  above  6-10°. 

In  the  following  two  symmetrical  airfoils,  che  BACA  0009  and  0012,  have  been 
chosen  to  demonstrate  the  value  of  a  nose  modification. 

Figure  1  and  2  show  the  fora,  the  potential  velocity  at  a  =  14°  ana  the  curvature 
of  these  airfoils  and  their  modifications.  The  wind tunnel  tests  were  restricted  to 
a  Machnumber  of  .2  and  a  Reynolds number  of  3*10°  to  avoid  any  sonic  velocities  to 
within  a  fair  margin. 

Figure  3  sho-  t  the  laminar  separation  bubbles  of  the  0012  and  the  ?Z  71-120  airfoil 
at  14°  and  16,6°  respectively,  i.e.  nearly  one  degree  below  naT.*) 

Despite  the  longer  laminar  flow  of  the  modified  airfoils  with  adverse  pressure 
gradients,  the  Reynoldsnunber  is  not  high  enough  to  avoid  the  separation  bubble 
completely.  It  may  be  argued  however  that  in  this  case  the  height  of  the  separation 
bubble,  and  therefore  the  initial  thickness  of  the  turbulent  boundary  layer,  is  far 
less  than  with  the  0012  airfoil. 

Figures  4  and  5  give  the  lift  and  drag  value  of  both  the  BACA  airfoils  and  their,., 
modifications,  and  Figure  6  the  Cj.  max values  as  function  of  the  Reynoldsnunber . *■' 

The  modified  airfoils  exhibit  a  gain  in  C,  ax  of  15  -  20£  and  increase  the  associa¬ 
ted  angle  of  attack  by  2  or  3  degrees. 

In  both  cases  the  stall  of  the  modified  airfoils  has  been  changed  to  a  trailing 
edge  stall.  The  steep  loss  of  lift  beyond  the  stall  could  probably  be  moderated  if 
the  modifications  were  extended  over  the  rear  part  of  the  airfoils.  There  is,  how¬ 
ever,  at  low  incidences  a  drag  penalty  of  5  to  15^  for  the  smooth  airfoils  due  to 
the  earlier  transition  on  the  modified  versions.  If  the  transition  were  enforced 
by  some  roughness  at  nearly  55?  -  7$?  of  the  chord,  the  arag  penalty  would  diminish. 
The  coordinates  of  the  modified  airfoils  are  given  in  Table  I. 

It  may  be  mentioned  that  symmetrical  airfoils  are  in  some  sense  the  hardest 
example  with  which  to  demonstrate  the  effectivity  of  a  bubble  control.  For  cambered 
airfoils  there  exists  a  greater  degree  of  freedom  do  "hide"  the  modifications  into 
the  nose  camber,  and  to  avoid  the  drag  penalty  even  with  smooth  airfoils. 


3.  High  lift  at  medium  Machnumbers 

The  high  lift  which  an  airfoil  may  attain  at  lo w  Machnumbers  will  always  de¬ 
cline  when  the  Machnumber  increases  and  the  velocity  peaks  near  the  leading  edge 
form  a  local  supersonic  field  which  is  usually  terminated  by  a  more  or  less  pro¬ 
nounced  shock.  The  shock  interference  in  turn  hits  a  boundary  layer,  which  in  any 
case  is  already  exhausted  by  the  large  pressure  differences  at  high  incidences. 

It  is  thus  not  too  surprising  to  find  a  pronounced  depression  in  the  envelope 
of  the  maximum  lift  curves  in  the  Machnumber  range  between  .3  and  .55  [4].  This 
Machnumber  range  is  of  relevance  especially  to  the  helicopter  rotor,  which  needs  a 
high  lift  on  the  retreating  blade  to  balance  the  disk  loading  in  forward  flight. 


In  these  te^ts  the  tunnel  speed  accelerated  in  30  sec  from  zero  to  Re  =  3  x  10  . 
Therefore  in  details  the  oil  streak  pattern  needs  some  .cautious  interpretation. 

*)  All  measurements  were  done  by  Dipl.-Phys.  D.Althaus  in  the  laminar  wind  tunnel 
of  the  institute  [3]. 
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Sa  ar£sr  fie  rgfig.~£a  fi£ffl  h£g&  TjilTfc  in  fifes  low  fie  aaiina  Itesirzzahes  r s=ss,  it  *02.  be 
maniatciy  to  design  fibs  coyer  nose  region  of  fibs  airfoil,  for  a  specifically  cbssen 
Sbsbrmber  and  a  certain  fefgfe  argH-e  of  attach.  SfenOarly  to  tbs  ineaagressibie  css®, 
ass  mcst  first  redcce  tbs  vOaelfiy  resks  by  fibicbasss  agabsr  disteibctioa  as  far 
as  is  ecmratible  aifib  tbs  bigb  syeed  reccirerents.  secaed  principle  stri¬ 
ves  for  an  issntropic  reconsression  in  tea  sanersoesic  to  redcre'tes  sfirengfib 

of  tea  tenaasatirg  |5l»  Tfcw  recamyression  m^y  be  asbiered  on  tea  fc=»«r»«: 

of  tea  “pesky”  concept  or  as  analysis  of  tee  exsaasion  conrgressices  cares  inside 
tee  sapersosic  field  ensures  at  tea  sane  tine  test  tea  resides!  gfeack  in  off -design 
conditions  sever  interferes  cite  a  igrr»>*gT~  botmdary  layer. 

In  a  ore  rices  paper  [c]  tee  acteor  feas  sbocn  teat  at  Mgs  incidences  tee 
pressere  at  tbs  crest  bas  a  strong  relationship  to  tee  point  at  tee  naanncn 

lift  erent sally  recovers  cite  increasing  Macbnanbers,  and  reaches  a  second  nariman. 

Shis  pressure  nest  be  sufficiently  2_«  {or  in  other  cords  tee  speed  in  tee 
crest  region  oust  be  higher  tbgr«  usual)  to  be  of  any  value  for  Hachrunbers  betceen 
.5  and  .55.  Figure  7  gires  an  ezarple  of  an  airfoil  designed  for  an  improved  ngy-inn-Ti 
lift  at  JLq  =  .5-  Disregarding  tee  chord  position  the  nose  fora,  the  incompressible 
ootentiai  velocity  and  the  curvature  distribution  resenble  the  features  which  are  . 
for  the  airfoils  in  the  first  part  of  this  paper.  ij?-ca— 

Figure  3  illustrates  the  expansion  ana  compression  caves  in  the  supersonic  field  of 
this  airfoil  for  c  =  9-3°,  at  two  Kachnunbers  near  .5.  She  necessary  compressible 
potential  velocity  distributions  cere  calculated  on  the  basis  of  the  513.  formula  [7] . 

In  Figure  9  and  10  experimental  results  are  evaluated*^.  Figure  9  shoes  for  a  con¬ 
stant  angle  of  attack  of  11°  the  development  of  the  local  Kachnunber  on  the  upper 
nose  region  of  the  Fa  69-H-098  airfoil.  She  extremely  high  peaks  of  local  Kachnuabers 
right  at  the  nose  indicate  clearly  the  favorable  effects  of  a  partly  isentropic  re¬ 
compression.  Shis  is  again  demonstrated  in  Figure  10,  where  the  overall  maximum  lift 
is  given  as  a  function  of  the  Kacknunber. 

Since  this  paper  concentrates  on  ,  however  one  should  not  lose  sight  of  the 

complete  problem,  which  includes  n“jC  the  high  speed  properties  of  the  airfoil. 

She  high  velocities  in  the  10$  chord  region,  which  yield  the  typical  curvature  distri¬ 
bution  of  Figure  7  are  compatible  with  the  low  pitching  nonenxs" desirable  for  any 
rotor  blade. 

It  may  be  fair  to  state  the  drag  divergence  at  high  Kachnunbers  and  low  incidences 
compares  well  with  other  airfoils,  at  least  for  the  airfoil  presented  here. 

With  respect  to  helicopter  airfoils  it  would  certainly  be  necessary  to  apply 
the  concept  of  local  supersonic  flow  with  isentropic  reconpression  not  only  to  the 
high  lift  case  of  an  airfoil  but  to  its  low  lift  properties  as  well.  This  challenging 
problem  would  seem  to  be  solvable,  and  windtunnel  tests  are  under  way  to  prove  the 
potential  advantages  of  such  airfoils,  optimized  for  two  differing  conditions. 


4.  Conclusion 


It  has  been  shown  by  experimental  results  that  the  maximum  lift  of  a  symmetrical 
airfoil  at  low  Machnumbers  can  be  increased  by  some  15  to  20$  if  the  airfoil  nose  is 
slightly  modified  and  designed  to  yield  lower  velocity  peaks  and  less  pronounced 
laminar  separation  bubbles. 

A  similar  improvement  for  the  maximum  lift  at  medium  Machnumbers  is  possible  if  the 
upper  nose  region  of  the  airfoil  is  designed  to  produce  a  "peaky"  configuration  at 
a  certain  Machnumber  and  high  angle  of  attack.  In  both  cases  the  airfoil  exhibits  as 
a  common  feature  a  high  curvature  or  even  a  slight  second  peak  in  the  curvature 
distribution  between  4  to  10$  of  the  chord. 
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Fig. 3  Oil  film  pattern  of  the  NACA  0012  at  a  =  14  (upper  part) 
and  of  the  FX  71-120  at  a  =  16.6°  (lower  part),  indicating 
the  laminar  separation  bubble.  Scale  m  per  cent  of  airfoil 
chord. 
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^6»4i  Experimental  aerodynamic  characteristics  of  the  NACA  0009 

and  EX  71-089A  for  Reynoldsnumbers  between  1.5*106  and  3-10 


Pig. 7:  Form  of  airfoil  nose,  invisoid  and  incompressible  velooi 
distribution  at  a  =  9.8°  and  curvature  distribution  on  t] 
upper  side  of  PX  69-H-098. 
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CaOBCTS  OB  THE  METHODS  lESgLOEBD  AS  WIS  FOB  COSIXTCTIHG 
TVO-PIKESSIOSAL  BBSSABCB  OK  HIGH-LIFT  IETICES. 

by 

0.  de  Vries 

Hationsl  Aerospace  Laboratory  VLB, 

Axsterdaa,  The  Motherlands. 
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Besearch  on  high-lift  devices  has  been  carried  out  at  HIS  along  the  following  lines. 

An  erpericentsl  approach  consisting  of  pressure  aeasureaents  at  the  aid-span  section  of  a  two- 
diaensional  wing  (chord  about  C .«  >>p&n  2  a),  with  boundary  layer  control  at  the  tunnel  wall- 

wic£,  junctions  by  blowing  slots.  Premature  flow  separation  can  be  avoided  and  the  xaxiaua  lift 
can  be  determined  reliably. 

This  testing  techr.  is  already  applied  on  a  routine  basis  to  wing  sections  with  both  leading 
and  trailing  edge  .  gh-lift  devices. 

A  thforetical  approach  consisting  of  potential  flow  calculations  by  means  of  a  singularity  method 
with  a  source  distribution  on  the  contour.  This  is  applied  with  a  lisited  nuaber  of  contour  points 
on  the  aerofoils  (essentially  the  co-ordinates  of  the  pressure  measuring  stations  at  the  model). 
The  calculate  a  were  cow pared  with  experimental  results.  The  agreecent  is  reasonable. 
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La  recherche  sur  volets  hypersustentstsurs  est  exAcutA  au  HLH  sulvant  deux  voieu 

La  preniire  voi«  consiate  A  cesurer  doe  prosmons  sur  la  section  &  dexi  envergure  d'une  sile  en 
coursnt  plan  (la  corde  environ  de  0.6  a,  envergure  2  a),  avec  controls  de  la  coucbe  limite  par 
eoufflage  tout  pris  dee  jonctlone  entre  l'aile  et  lee  paroia.  On  peut  eapecher  le  ddsolleaent 
preAaturA  de  I’Acoulexent  et  la  portance  aazimale  est  obtenus  avec  asssz  de  certitude 
Cette  xAthode  exptfrixentale  on  coursnt  plan  est  de jl  appliquAe  coxae  une  methods  de  routine  aux 
profile  munis  de  volets  bypersustentateurs  A  herd  de  fuite  coxse  A  bord  d'attaque. 

La  ssconde  vole  consiate  A  cslculer  l'Acouleaent  potentiel  au  uoyen  de  la  xAthode  des  singulari¬ 
ty.  Cette  aAtbode  est  applio.uA:  avec  un  notbre  lioitA  de  points  sur  le  contour  des  profils 
{•ssan. iellexent  les  coordonnAes  des  points  de  cesure  sur  la  car  lette).  Lee  rAsultats  calculAs 
sent  compare's  avec  lee  rAsultats  ezpAricentaux.  La  correspondance  est  assez  bonne. 
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1.  INTRODUCTION. 

At  HLR,  the  research  in  connection  with  the  development  of  high-lift  devices,  mainly  involves  two- 
dimensional  wind  tunnel  investigations,  using  pressure  plotting  models,  because  of  the  relative 
simplicity  of  test  set-up  and  model  construction. 

Zn  trying  to  carry  out  these  investigations  as  good  as  possible,  two  major  problems  emerged: 

-  An  experimental  difficulty,  caused  by  the  premature  flow  separation  at  the  tunnel  wall-wing 
junctions,  which  made  the  determination  of  the  true  two-dimensional  maximum  lift  unreliable. 

-  A  theoretical  difficulty,  in  the  sense  that  potential  flow  calculations  were  required  to  guide 
the  two-dimensional  wind  tunnel  tests. 

This  resulted  in  two  more  or  less  separate  lines  of  research,  viz.: 

-  The  development  of  a  system  to  control  the  boundary  ’ lyer  on  the  wind  tunnel  walls  at  the  wing- 
wall  junctions. 

-  The  development  of  a  computer  programme,  based  on  a  singularity  method  (Ref. 3),  'r  the  calcula¬ 
tion  of  the  potential  flow  around  a  composite  aerofoil.  The  results  of  the  calcula  ions  have  been 
compared  with  experiments.  (Ref. 4) 

2.  THE  BOUNDARY  LAYER  CONTROL  SYSTEM  FOR  THE  WIND  TUNNEL  WALLS. 

2.1  Description  of  the  problem. 

With  the  advent  of  still  more  efficient  high-lift  devices,  one  becomes  increasingly  concerned  about 
the  determination  in  the  wind  tunnel  of  the  two-dimensional  coefficients  and  especially  the  two- 
dimensional  maximum  lift.  The  difficulties  arise  from  the  boundary  layer  on  the  tun.iel  wall,  mixing 
with  the  boundary  layer  on  the  wing  at  the  wing-wall  junctions.  The  main  problem  if,  to  prevent 
the  premature  flow  separation  at  the  wing-wall  junctions.  A  secondary  problem  (and  up  till  now 
still  unsolved)  is  to  avoid  a  possible  trailing  vorticity,  if  no  flew  separation  at  the  wing-wall 
junction  occurs. 

Near  the  stalling  angle,  premature  flow  separation  occurs  at  both  ends  of  the  model,  due  to  the 
boundary  layer  on  the  tunnel  walls.  The  main  effects  are: 

-  The  flow  loses  its  two-dimensional  character  and  the  model  behaves  more  or  less  like  a  three- 
dimonsional  wing.  The  measured  coefficients  (e.g.  at  the  mid-span  section)  deviate  from  the  true 
two-dimensional  coefficients. 

-  The  true  two-dimensional  maximum  lift  cannot  be  obtained,  because  of  the  rapid  increase  of  the 
flow  separation  at  the  ends  of  the  model  by  increasing  the  angle  of  attack  (see  Ref.l). 

Below  the  stalling  angle,  there  may  be  some  seoondary 
effect  from  trailing  vortioity  in  the  tunnel  wall 
boundary  layer,  originating  from  the  wall-wing  junct¬ 
ions.  This  trailing  vorticity  way  induce  a  small 
downwash,  causing  a  small  deviation  from  the  true 
two-dimensional  flow. 

2.2  Blowing  versus  auction. 

Boundary  layer  control  at  the  wing-wall  junctions 
by  blowing  or  by  suction,  is  used  by  a  number  of 
investigators.  Hiapreas  and  Svihart  (Ref. 5)  applied 
blowing  slots  and  were  probably  the  first  to  use 
boundary  layer  control  at  the  wing-wall  junctions 
in  two-dimensional  testing.  Foster  and  Lawfor.d 
(Ref  .6)  applied  suction,  whereas  Navnplis  (Ref  .7) 
used  blowing  slots  again. 

rr.  has  chosen  wall  blowing  instead  of  suction 
the  tunnel  wall  boundary  layer  control,  be- 
.  ise: 

-  The  auxiliary  system  for  suction  had  a  limi¬ 
ted  capacity,  whereas  the  blowing  system  had 
ample  capacity  (pressure  vessel  of  the  super¬ 
sonic  blow-down  tunnel). 

-  Preliminary  tests  had  shown  the  feasibility  of 
blowing  (see  Ref.l). 

-  Bloving  was  considered  to  be  most  easily 
adaptable  to  different  model  configurations 

In  our  opinion,  however,  both  "bloving  and  suct¬ 
ion  car.  lead  +o  satisfactory  two-dimensional 
test  results. 


2.3  The  test  set-up. 

The  development  of  the  blowing  system  in  the 
tunnel  walls  (Ref .2)  was  carried  out  in  the  low 
speed  tunnel  of  KIR  (LST  3x2),  with  a  two-di¬ 
mensional  model,  provided  with  a  double  Blotted 
flap  (see  Fig.l).  The  basic  (flap  up)  chord  is 
0.60  m  and  tbe  span  about  2m.  The  model  was 
damped  between  tbe  upper  and  lower  turntables 
of  tbe  test-section.  It  has  two  sections  with 
pressure  measuring  holes,  viz.  at  the  mid-span 
section  and  dose  to  the  ’ipper  tunnel  wall  (0.08  m 
fres  the  vallj.  Tbe  surface  pressures  at  the  two  eections  were  measured  and  integrated  numerically 

to  sectional  force  and  moment  coefficients. 


Fig.l  Tbe  standard  test  set-up  for  two- 

dimensional  pressure  measurements  with 
blowing  slots  at  tbe  tunnel  walls  for 
boundary  layer  control  at  the  wing-wall 
junctions. 
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The  upper  and  lover  turnta'blea  vere  provided  with  three  bloving  slots  each  (see  fig.2) .  The  posi¬ 
tion  of  the  bloving  slots  could  be  varied  and  also  the  bloving  ratio  A  (i.e.  the  ratio  of  the  dyna¬ 
mic  head  in  the  bloving  nozzle  and  the  free-stream  dynamic  head). 

During  incidence  variation,  the  position  of  the  bloving  slots  relative  to  the  model  remained  fixed. 
Only  the  flap  bloving  slot  had  to  bo  moved,  vhen  the  flap  setting  vas  changed. 

The  tvo-dimensional  character  of  the  flov  can  be  inferred  fromt 

-  The  equality  of  the  integrated  force  and  moment  coefficients  at  the  vail ‘and  mid-span  section. 

-  Flov  visualization  vith  tuft*  on  the  model  surface}  ab¬ 
sence  of  premature  flov  separation. 


L’ADING  EDGE 
SLOWING  SLOT 


2.4  Results  of  the  blu«xng  tests. 

Figure  3  shovs  the  influence  of  the  bloving  ratio  A  on  the 
lift  at  oCi  m  0  and  the  maximum  lift  for  the  mid-span  and  the 
vail  sections.  The  figure  also  shovs  this  influence  for  the 
case,  that  tho  flap  bloving  slot  is  inoperative. 

BLOWING  CONFIGURATION 


1 


SHROUD 
BLOWING  SLOT 


Influence  of  the  bloving  ratio  and  the 
bloving  slot  configuration  on  the  lift 
for  mid-span  and  the  vail  section.  All 
slots  have  the  same  bloving  ratio  A  , 
vhen  operative. 


Fig. 2  The  bloving  slot  arrange;- 
ment  in  the  turntables  of 
■  the  tunnel  vail. 

The  folloving  conclusions  can  be  dravn  from 

figure  3*  , 

-  Ry  increasing  the  bloving  ratio  A  ,  the  coeffi¬ 
cients  of  the  vail  and 'the  mid-span  section  will 
differ  less  and  become  equal  at  values  of  A  ,of 
about  30.  At  these  values  of  A  ,  the  spanvise 
lift  distribution  is  tvo-dimensional. 

-  The  lift  at  DC  •  0  at  the  mid-span  section  is  hard¬ 
ly  affected  by  vail  bloving.  Therefore,  this 
quantity  is  not  affected  by  the  boundary  layer  at 
the  vail,  vhen  vail  bloving  is  not  applied. 

-  The  maximum  lift  increases  vith  increasing  A  -  at 
both  the  vail  and  the  mid-span  section.  Without 
any  control  of  the  tunnel  vail  boundary  layer  at 
the  ving-vall  junctions,  the  measured  maximum 
lift  at  the  mid-spar,  section  is  definitely  lover 
than  the  true  tvu-dimensional  maximum  lift. 

-  The  vail  bloving  ratio  is  not  critical .  Excessive 


bloving  at  the  tunnel  vail  does  not  lead  to  an  over-estimation  of  the  maximum  lift  at  the  mid- 
span  section  . 

-  Neglecting  small  fluctuations  of  the  coefficients  of  the  wall  section,  that  are  almost  vithin 
the  experimental  aoouraoy,  figure  3  shovs,  that  flap  bloving  is  not  necessary  to  obtain  satis¬ 
factory  — esu.ts.  Bloving  at  the  leading  edge  and  the  shroud  is  sufficient.  This  simplifies  the 
experimental  set-up  for  routine  measurements,  because  the  bloving  slots  need  not  be  moved,  vhen 
the  flap  setting  is  changed. 


Figure  4  gives  the  influence  of  leading  edge  an’’  'hr oud  blov¬ 
ing  at  the  tunnel  vails  on  the  lift  curves  of  tne  mid-span 
and  the  vail  sections.  The  increase  in  maximum  lift  and  the 
improvement  in  the  tvo-dimensional  character  of  the  spanvise 
lift  distribution  is  clearly  shovn. 

Although  definite  improvements  vere  obtained,  the  experiment¬ 
al  criteria  of  this  investigation  for  the  assess  >nt  of  tho 
tvo-dimensional  character  of  the  flov,  are  too  rough  to  dis¬ 
cern  the  veak  effects  of  the  possible  trailing  vorticity  in 
the  tunnel  vail  boundary  layer,  originating  from  the  ving- 
vall  junctions  ,  Therefore,  slight  deviations  in  angle  of  at¬ 
tack  (and  possibly  in  lift  slope)  from  the  true  tvo-diaen- 
sional  values  can  still  be  expected. 

Recently,  this  testing  technique  vith  vail  bloving  vas  ap¬ 
plied  on  a  routine  basis  to  wing  sections  vith  trailing  and 
also  leading  edge  high-lift  devices. 

In  this  case,  tvo  fixed  bloving  slots  have  also  given  satis¬ 
factory  results.  One  slot  vas  positioned  e.1  the  shroud  of 
the  flap  and  the  other  at  a  email  dietance  in  front  of  ‘.he 
leading  edge  slat.  No  bloving  slot  vas  needed  at  the  lead¬ 
ing  edge  of  the  main  ving  in  this  case. 


LEADING  -  EDGE  •  SMROLO  BLOWING 


o  MID-SECTION 
‘0  WALL- SECTION 
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Fig. 4  Influence  of  leading  edge  and 
ehroud  bloving  on  the  lift 
curves  of  aid-span  and  vail 
sects  on. 


3.  POT EWIAL  PLOW  CALCULATIONS  AROUND  A  COMPOSITE  AEROFOIL. 

3.1  General  remarks. 

With  a  singularity  method  (Ref .3)  it  i»  possible  to  obtain  the  potential  flow  pressure  distribution 
around  a  two-dimensional  wing  with  high-lift  devices.  X  nuaber  of  investigators  have  already  shown 
the  feasibility  of  calculating  the  potential  flow  around  composite  aerofoils,  e,g.  Qiesing  (Ref .9), 
Foster  (Refs.  6  and  7)  and  Xavriplis  (Ref .8). 

The  development  of  high-lift  devices  oan  be  aided  by  potential  flow  calculation  in  the  following 
ways» 

-  Interpretation  of  wind  tunnel  test  results.  Discrepancies  between  calculation  and  experiment 
may  be  uqed  to  disoover  local  separations  and  other  specific  viscous  effects.  E.g.  the  inter¬ 
action  between  main  wing  and  flap  can  be  analysed  somewhat  further,  se.  the  investigation  of 
Foster  (Ref.7). 

-  Modification  of  a  configuration  already  tested  in  the  wind  tunnel.  It  seems  feasible  to  decide, 
vhether  the  proposed  modification  of  the  shape  has  the  expected  effect. 

-  It  is  possible  to  estimate  tbs  load  on  a  two-dimensional  model  in  an  early  stage,  especially  on 
the  small  elements  like  the  vane  of  a  double  slotted  flap  cr  the  slat. 

-  Selection  by  calculation  of  the  most  promising  configuration  out  of  a  nuaber  of  proposed  high- 
lift  systems.  This  makes  the  input  of  empirical  data  necessary  in  judging  the  calculated  pressure 
distributions  (suction  peaks,  pressure  gradients  etc.,  cf.  Mavriplis,  Ref. 8). 

Developing  high-lift  devices  by  mere  calculation  would  require  a  oombined  boundary  layer  and 
potential  flow  calculation,  with  reliable  predictions  of  transition  and  separation  points.  Moreover, 
'  it  would  be  necessary  to  calculate  the  mixing  of  the  wake  of  a  leading  aerofoil  with  the  boundary 
layer  of, a  trailing  one.  An  adequate  method  does  not  exist  at  KIR  at  the  moo. ant. 

3.2  Short  description  of  the  oaloulations. 

The  singularity  method  used,  oonsists  of  a  source  distribution  on  the  contour  and  a  vortex  distri¬ 
bution  on  the  mean  line.  For  further  details  see  the  references  3  and  4. 

The  method  was  applied  to  three  different  configurations  (for  which  experimental  data  were  avai-r 
lable),  vis.  to  a  single  slotted  flap,  a  double  slotted  flap  and  a  double  slotted  flap  oombined 
with  a  leading  edge  slat. 

In  order  to  find  out  if,  for  routine  purposes,  the  sometimes  trouble-some  interpolation  of  oontour 
data  oan  be  avoided,  the  co-ordinates  of  the  pressure  measuring  holes  in  the  corresponding  models 
are  taken  as  the  oontour  points  in  the  oaloulations.  These  oo-ordinates  were  readily  available. 

As  a  consequence  of  this  choio,  only  a  limited  number  of  contour  points  is  used  in  the  calcula¬ 
tions,  compared  with  the  number  required  for  the  exact  solution.  However,  the  pressure  distribution 
obtained  in  this  way,  has  the  same  characteristics  as  the  potential  flow  pressure  distribution, 
whioh  is' sufficient,  taking  into  acoount  the  limited  applicability  of  the  results. 

3.31  Comparison  with  experiment. 

Figure  5  compares  the  calculated  pressure  distribution  with  the  experimental  one  around  a  r.ingle 
slotted  flap.  Notwithstanding  ths  limited  number  of  oontour  points,  the  agreement  is  reasonable 
and  the  general  character  of  the  pressure  distribution  is  not  changed  by  increasing  the  number 
of  contour  points  on  the  main  wing  from  44  to  66. 

The  discrepancies  on- the  shroud  lower  surface  and  the  flap  upper  surface  are  due  to  a  ’.operation 
bubble  on  the  shroud  lower  surface,  which  modifies  the  flow  through  the  flap  slot  and  induces 
a  local  suction  peak  on  the  flap  upper  surface.  This  oould  be  concluded  from  some  additional 
calculations  on  a  modified  shroud  shape,  imitating  the  "free  streamline"  of  the  separation  bubble 
and  is  an  example  of  the  use  of  potential  flow 
calculations  in  interpreting  wind  tunnel  test 
results. 

The  calculated  and  experimental  pressure  distri¬ 
bution  around  a  double 'slotted  flap  is  uhown  in 
figure  6  and  the  preosure  distribution  around  a 
double  slotted  flap  combined  with  a  leading  edge 
slat  is  shown  in  figure  7. 

Relatively  small  elements,  such  as  the  vane  and 
the  slat,  are  magnified  in  the  chordwise  direct¬ 
ion,  to  obtain  greater  clarity. 

In  these  two  cases,  the  overall  agreement  is 
also  good.  Some  small  irregularities  in  the  cal¬ 
culated  pressure  distribution  are  due  to  an 
irregular  distribution  of  the  contour  points, 
however,  they  do  not  affect  the  general  character 
of  the  pressure  distribution.  The  difference 
between  calculation  and  experiment  in  the 
pressure  distribution  on  the  slat  lower  surfaces, 
due  4  i  flow  separation,  is  revealed  in  figure  7. 


Fig. 5  Comparison  between  the  calculated  and 
experimental  pressure  distribution 
around  a  single  slotted  flap. 
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Fig. 6  Comparison  between  the  calculated  and  Flg,7  Comparison  between  the  calculated  and 

experiaental  pressure  distribution  experimental  pressure  distribution 

around  a  double  slotted  flap.  around  a  d  ble  slotted  flap  combined 

with  a  leading  edge  slat. 


The  calculated  and  experiaental  lift  curves  for  three  configurations  are  given  in  figure  8. 

The  corresponding  pitching  moment  curves  (referenced  to  the  j;  —chord  point,  of  the  basic  chord) 
are  given  in  figure  9*  Considering  that  no  boundary  layer  effects  are  taken  into  account,  the 
discrepancy  between  calculation  and  experiment  is  smaller  than  would  be  expected.  This  is  caused 
by  the  small  number  of  contour  points  used  in  the  calculations. 

If  a  better  approximation  to  the  potential  flow  lift  is  required,  it  is  necessary  to  inorease 
the  number  of  contour  points. 


AMG'-E  OF  ATTACK  0  (DEGREES) 


Fig. 8  The  calculated  and  experimental  lift 

curves  for  the  single  slotted  flap  with 
Zt  -  25  ,  the  double  slotted  flap 

with  -  40°  and  the  double  slotted 
flap  with  Sj.  -  42°  combined  with  a 
fllat,  deflected  25°. 


Fig. 9  The  calculated  and  experimental  pitch¬ 
ing  moment  curves  for  the  single 
slotted  flap  with  ■  25°,  the 

double  slotted  flap  with  »  40°  and 
the  double  slotted  flap  with  »  42° 
combined  with  a  slat,  deflected  25°. 


The  caloulated  and  experimental  tangential  force  and  normal  force  of  the  double  slotted  flap 
are  compared  in  figure  10.  The  defleotion  of  the  vane  varies  with  the  flap  deflection.  At  vane 
deflection  zero,  the  vane  is  retracted  onto  the  flap,  forming  a  single  slotted  flap. 

The  coefficients  are  referred  tc  the  basic  wing  chord  instead  of  the  flap  chord. 

The  agreement  between  theory  and  experiment  is  reasonable,  although  the  discrepancy  for  the 
tangential  force  is  large,  indicating  strong  viscous  effects. 
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Fig. 10  The  calculated  and  experimental  load  Fig. 11 

on  the  double  slotted  flap  at  an  angle 


of  attack  06«  6 


Hotel  The 


ooeffioients  c  and 
n 


The  calculated  and  experimental  load, 
on  a  slat  deflected  25°.  The  trailing 
edge  flap  is  deflected  »  38°. 
are  referred  to  the 


basic  wing  chord  instead  of  the  flap  chord. 


A  similar  comparison  is  made  in  figure  11  for  the  slat.  Due  to  the  large  flow  separation  on  the 
slat  lower  surface,  there  is  a  large  discrepancy  between  the  calculated  and  experimental  tangent¬ 
ial  force.  The  normal  foroe  shows  a  good  agreement. 

The  conclusion  oan  be  drawn,  that  the  potential  flow  calculations  give  a  reasonable  estimate  of 
the  loads  on  small  elements,  such  as  slats  or  flaps. 

4.  CONCLUDIHQ  REMARKS. 

In  order  to  obtain  a  good  approximation  of  tho  true  two-dimensional  flow  in  wind  tunnel  tests, 
it  is  sufficient  to  apply  tunnel  wall  boundary  layer  ocntrol  at  the  tunnel  wall-wing  junctions 
by  a  relatively  simple  system  of  compressed  air  blowing  slots.  Acceptable  results  are  obtained 
by  using  two  blowing  slots,  viz.  at  the  leading  edge  of  the  main  wing  and  at  the  shroud.  After 
this  investigation,  the  experience  r'.umulated  in  large  series  of  measurements  on  two-dimensional 
models  equiped  with  trailing  and  leading  edge  bigh-lift  devices  has  shown  that  the  blowing  system 
could  be  easily  adapted  to  the  various  model  configurations. 


Potential  flow  pressure  distributions  can  be  used  to  aid  the  interpretation  of  wind  tunnel  test 
results,  to  modify  a  configuration  already  tested  in  the  wind  tunnel  and  to  estimate  the  loads 
on  the  elements  of  a  composite  aerofoil,  e.g.  for  model  construction  purposes. 

The  singularity  method  developed  at  HLR,  offers  the  possibility  to  use  the  calculations  on  a 
routine  basis.  Evan  with  a  limited  number  of  contour  points,  the  calculated  pressure  distribution 
gives  a  fair  approximation  of  the  potential  flow  distribution. 
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RESUME 


Les  corrections  de  blocage,  puis  les  corrections  fonctions  du  coefficient 
de  portance  Cz  doivent  6tre  appliquAes  aux  rAsultats  d'essais  obtenus  A  partir  de  rtesures  effectuAes 
sur  les  maquettes  d'avions  placAes  en  soufflerie.  Elies  corrlgent  en  grandeur  et  direction  la  vitesse 
"infini  amont"  et  restituent  ainsi  aux  coefficients  aArodynamlques  influencAs  par  les  parois  des  valeurs 
sensiblement  Agales  A  celles  que  l'on  obtiendrait  en  plaqant  le  mod&le  dans  un  Acoulement  fluide  illimltA. 

On  analyse  les  termes  correctifs  de  blocage  qui  modlflent  la  pression 
cinAtlque  de  rAfArence.  Four  les  maquettes  non  motorisAes,  ils  sont  au  nombre  de  trois,  Ils  correspondent 
au  volume  de  la  maquette,  A  „  n  sillage  et  A  ses  dAcollements.  Chacun  d'eux  se  prAsente  sous  une  forme 
utllisahle  en  rAgime  incompressible,  2  dim,  3  dim,  maquette  complete,  deml-maquette  et  en  subsonique. 

Les  dAcollements  sur  l'aile  apparaissent  gAnAralement  aux  granues  incidences 
Les  corrections  appropriAes  rAsultent  des  travaux  de  Maskell  dAveloppAs  dans  le  cas  d'un  Acoulement 
incompressible  dans  une  veine  de  soufflerie  A  parols  guidAes.  Elies  doivent  6tre  vtilisAes  dfes  que  la 
polaire  expArimentale  n'est  plus  confondue  avec  la  polaire  parabolique  thAorique.  A  ico-Cz,  oslles  sont 
fonctions  de  la  difiArence  des  coefficients  de  tratnAe  des  deux  polaires.  Elies  dApendent  done  de  l'allon- 
gement  et  de  l'inclder.ce  des  modules.  Elies  permettent  de  regrouper  les  caractAristiques  aArodynamlques 
de  maquettes  semblables  de  tallies  dlffArentes  essayAes  dans  plusieurs  souffleries,  en  particulier  dans 
le  domaine  du  Cz  maximum. 

On  Atend  ces  corrections  d'une  part  A  des  veines  d 'expAriences  comportant 
divers  types  de  parois  et  d'autre  part  au  subsonique. 

Enfin  on  compare  des  rAsuitats  de  souffleries  ainsi  corrigAs  avec  des 

rAsultats  d'essais  en  vol. 


SUMMARY 

Blockage  corrections,  then  corrections  dependent  on  the  lift  coefficient 
C.  must  be  applied  to  wind  tunnel  test  measurements  made  on  aircraft  models.  They  correct  the  velocity 
"to  infinity  upstream",  thus  restoring  to  the  wail  affected  aerodynamic  coefficients,  values  which  are 
fairly  equivalent  to  those  obtainable  by  placing  the  model  in  an  unlimited  fluid  stream. 

The  corrective  blockage  terms  which  modify  the  reference  kinetic 'pressure 
are  analyzed.  There  are  three  of  them  in  the  case  of  non-powered  models.  They  correspond  to  the  model 
volume,  wake  and  separations.  Each  of  them  assumes  a  form  which  is  usable  in  incompressible,  compressi¬ 
ble,  two-dimension  and  three-dimension  flows,  on  whole  or  half-models. 

Separation  corrections  result  from  the  extension  of  Maskell 's  work.  They 
appear  at  incidences  for  which  the  experimental  polar  does  n?t  coircido  any  longer  with  the  theoretical 
parabolic  polar.  When  the  lift  coefficients  are  identical,  these  corrections  are  functions  of  the  diffe¬ 
rence  between  the  drag  coefficients  of  the  two  polars.  Therefore,  they  depend  on  the  model  aspect  ratio 
and  Incidence.  They  make  it  possible  to  derive  the  aerodynamic  characteristics  of  similar  models  of 
different  sizes  tested  in  several  wind  tunnels,  particularly  within  the  max  range. 


(x)  Direction  GAnArale  Technique  -  DApartement  AArodynanlque. 

hh 
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NOTATIONS 

Am  -  Aire  d'un  profit  dans  le  plan  zx 

B  -  Epaisseur  du  sillage  (au  maltre-couple  du  bulbe) 

C  -  Section  de  la  veine  de  la  soufflerie  (voir  tableau  1) 

Cp  -  Coefficient  de  pression 

Cx  -  Coefficient  de  trainee 

Cxd  -  Coefficient  de  trainee  de  ddcollements 

Cz  -  Coefficient  de  portance 

Cz  max  -  Valeur  maximum  du  coefficient  de  portance 

H  -  Hauteur  de  la  veine  d'essais  (voir  tableau  1) 

M  -  Nombre  de  Mach 

5  -  Surface  de  rdfdrence  du  module 

V  -  Vitesse  du  vent  dans  la  direction  des  x 

Vm  -  Volume  de  la  maquette 

c  -  Corde  de  rdfdrence  d'un  profil 

k  -  Paramdtre  de  pression 

P  -  Pressicn  statique 

q  -  Pression  cindtique 

u  -  Composante  dans  la  direction  des  x  de  la  vitesse  de  perturbation 

x,y,z  -  Coordonndes  cartdsiennes 

of  -  Incidence 

H  -  /i-h/ 

*  -  Rapport  des  vitesses  u/V  ,  facteur  de  blocage 

^  -  Allongement 

-  Allongement  Equivalent  d'une  aile 

6  -  Paramdtre  de  blocage  de  ddcollements. 


Indices 


b 

c 

M 

0 

u 

1 

2 

3 


Relatif  au  culot 

Corrigd 

Compressible 

Infini  amont 

Non  corrigd 

Blocage  de  volume 

Blocage  de  sillage 

Blocage  de  ddcollements. 


1  -  INTRODUCTION 

1.1  -  Gdndralltds 


Dans  l'dtude  en  soufflerie  du  comportement  d'une  maquette,  la  presence  des  parois 
qui  limitent  i'dcoulement  apporte  une  diffdrence  fondamentale  avec  I'dcoulement  en  fluide  illimitd. 

Les  corrections  de  blocage,  puis  leo  corrections  fonctions  du  coefficient  de  por¬ 
tance  Cz  rendent  homogdnes  les  rdsultats  obtenus  sur  des  maquettes  d'un  mdme  avion  testdes  dans  diver- 
ses  souffleries.  En  particulier,  aux  fortes  incidences,  lorsque  p'  ennent  naissance  des  ddcollements, 
les  corrections  approprides  de  blocage  permettent  le  regroupement  des  rdsultats  autour  d’un  mdme  Cz 
maximum.  Ces  corrections  de  ddcollements  viennent  alors  s'ajcuter  aux  corrections  de  blocage  de  volume 
et  de  blocage  de  sillage  ddjA  appliqudes  aux  Incidences  pour  lesquelles  l'dcoulement  est  poter.tiel. 

On  remarquera  que  1 'ensemble  de  ces  corrections  ne  doit  6tre  utilisd  que  lorsque 
les  rdsultats  bruts  ont  ddjd  dtd  corrigds  de  l'effet  des  gradients  dventuels  propres  aux  veines 
d'expdriences,  de  celui  de  l'ascendance  du  courant  d'air,  de  1 ' interaction  des  supports,  etc... 

Mais,  aprds  avoir  rendu  homogdnes  les  rdsultats  des  divers  tunnels  adrodynamiques, 
le  probldme  final  demeure  la  comparaison  :  soufflerie  -  vol. 

1.2  -  Corrections  de  blocaRe 

On  suppose  la  maquette  non  motorisde  placde  au  centre  de  la  veine  d'essais.  Si 
l'on  ddsigne  par  qc  »a  pression  cindtique  corrigde  ec  par  qu  la  pression  cindtique  de  rdfdrence  qui 
correspond  .1  la  vitesse  "infini  amont"  vraie  Vo,  il  vient,  au  niveau  du  moddle,  en  rdgime  incompres¬ 
sible  : 

7c  -  9u  y)  =  <f<*  (l+2£)  ^3 

VQ  / 

avec  : 

<?,  e,  +  e3  +  e3  C2J 
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Les  definitions  de  €4  ,  blocage  de  volume,  de  ,  blocage  de  slllage  et 

de  G 3  ,  blocage  de  dAcollements,  sout  uonnAes  par  le  tableau  1.  On  a  encore  : 


Alors  que  le  gradient  dQ  au  blocage  de  sillage  existe  quel  que  soit  le  type  de 
parois,  le  gradient  dD  au  blocage  de  volume  n'apparait  que  pour  les  parols  permAables  sous  I'influen- 
ce  de  la  viscositA  de  l'air  qui  les  traverse. 

Dans  la  prAsente  Atude,  on  ne  s'intAresse  qu'au  blocage  de  dAcollements,  €■ 3 ,  qui 
de  par  la  nature  des  hypothAses  de  calcul,  ns  comporte  pas  de  gradients.  Sa  contribution  est  essen- 
tielle  dans  le  pourcentage  des  corrections  appliquAes  aux  rAsultats  obtenus  aux  incidences  AlevAes  et 
plus  spAcialement  en  ce  qui  concerne  les  Cz  et  le  domaine  du  Cz  maximum. 

2  -  SCHEMA  DES  ECOULEMENTS  DECOLLES 

Alors  que  l'on  sait  calculer  £  1  et  £  2  A 
que  doublets  ou  sources,  et  de  leurs  images,  on  remarque  qu'il 
des  dAcollements.  On  doit  admettre  actuellement  le  principe  de 
mes  techniques,  fondAe  sur  la  notion  d'eau  morte  (1). 

2.1  -  Plaques  planes 

Le  coefficient  £  3  est  Atabli  en  analysant  physiquement  des  Acoulements  dAcollAs 
derriAre  des  plaques  planes  exposAes  normalement  au  vent  (2). 

L'Acoulement  autour  et  en  aval  de  plaques  rectangulaires,  de  divers  allongcments, 
se  ramAne  toujours  &  celui  reprAsentA  sur  la  fig.  1,  observA  derriAre  un  disque  circulaire.  II  a  une 
forte  tendance  A  prendre  une  symAtrie  axiale.  Sa  principale  caractAristique  est  la  formation  d'un 
bulbe  fermA,  dit  "eau  morte",  oil  la  ligne  -  0  est  considArAe  comme  sa  limite.  A  partir  du  bord 
extArieur  du  disque  se  dAtache  une  ligne  de  courant,  frontiAre,  A  1 'extArieur  de  laquelle  il  n'y  a 
pas  de  pertes  de  charge  totale. 

Jusqu'A  la  moitiA  de  la  longueur  du  bulbe,  dont  la  ser*-ic,n  droite  est  maximum  en 
cette  abscisse,  cette  frontiAre  demeure  isobare  et  sa  pression  statique  est  Agale  A  la  pression  de 
culot  pb  ,  mesurAe  sur  la  face  arriAre  du  disque.  Au-delA  de  cette  abscisse,  il  se  produit  une  recom¬ 
pression.  Un  tel  aspect  d'Acoulement  symAtrique  se  retrouve  derriAre  une  plaque,  en  allongement 
infini  (3,4). 

Comme  pb  ,  la  longueur  du  bulbe  varie  avec  l'allongement  (tableau  2).  Mais  cette 
dimension  n'intervient  pas  dans  la  sui'e  des  calculs. 

2.2  -  Ailes  dAcollAes 

On  observe  encore  ce  type  d'Acoulement,  avec  tendance  A  la  symAtrie  axiale,  derriAre 
une  aile  placAe  A  forte  incidence. 

Comme  le  mentionne  Hancock  (5),  les  exemples  publiAs  sont  peu  nombreux.  Cependant, 
on  confirme  de  tels  Acoulements  A  partir  d'Atudes  anAmomAtriques  effectuAes  en  aval  d'ailes  droites 
avec  ou  cans  volets  braquAs  (6),  ou  d'ailes  en  flAche  ou  delta  (7).  On  peut  les  schAmatiser  ainsi 
qu'il  est  moncrA  sur  la  figure  2. 

Actuellement,  le  tunnel  nydrodynamique  de  la  Direction  AArodynamique  de  l'O.N.E.R.A 
apporte  une  importante  contribution  dans  le  domaine  des  visualisations. 

Les  fig.  3a,  3b,  3c,  photographies  prises  dans  ce  laboratoire,  mettent  en  Avidence 
des  Acoulements  avec  bulbe  d'eau  morte  aussi  bien  localement  derriAre  des  volets  (8)  que  globalement 
en  arriAre  de  profile  (1,  8). 

2.3  -  Remarques 

Les  tourbillons  d'apex,  bien  organisAs,  de  la  figure  4,  qui  apparalssent  sur  une 
aile  delta,  par  exemple,  A  faible  incidence,  sont  entiArement  diffArents  des  dAcollements  avec  bulbe 
d'eau  morte  (9). 

Mais.lorsque  1'incidence  croll,  le  tourbillon  Aclate  d'abord  en  aval  du  bord  de 
fuite,  puis  remonte  vers  le  bord  d'attaque  et  sur  la  figure  5,  on  retrouve  un  dAcollement  qui  se 
rapproche  de  ceux  observAs  sur  les  figures  2  et  3  (9). 


S»J 


partir  de  modAles  mathAmatiques,  tels 
n'existe  pas  de  modAles  reprAsentatifs 
la  solution  semi-empirique  des  problA- 


r 


TH20RIE  DE  HASKELL  (10-11) 


En  1 'absence  d'Atudes  thAoriques  aur  la  connaissance  du  mAcanisrae  Interne  des 
dAcollements,  Maakell  s 'attache  A  Avaluer  leur  forme  globale  et  A  eg gayer  de  reprodulre  leura  effeta 
extArieurs  au  voisinage  du  modAle.  Pour  cela  11  reprend  le  schAma  d'Acouleaent  relatif  au  disque 
circulaire  de  la  figure  1.  11  ddflnlt  une  aur face  frontiAre  entre  le  slllage  et  i'Acouleaent  externe 
non  perturbA.  Elle  s' A tend  de  la  plaque  plane  jugqu’au  plan  2  ou  la  section  drolte  du  bulbe  eat  maxi¬ 
mum.  Sur  cette  surface,  la  preaaion  pb  eat  conatante  et  Agale  A  la  preaslon  de  culot  de  la  plaque. 

La  vltesae  correspondante  eat  k.Vo  ou  Vo  dAslgne  la  vitesse  dans  le  plan  1  (figure  6)  ;  Haskell 
considAre  alors  un  tel  schAma  d'Acoulement  incompressible  placA  dans  une  soufflerie  cooportant  des 
parols  guidAes.  Le  but  recherchA  consiste  A  obtenir  une  estimation  quantitative  de  la  contrainte  de 
parol  sur  le  coefficient  k  -  Autrement  dit,  connalssant  le  coefficient  k  en  soufflerie,  11  conv.'ent 
de  determiner  le  coefficient  kc  en  Acoulesent  libra. 

L'hypothAse  essentielle  consiste  A  supposer  que  la  contrainte  se  traduit  unique- 
ment  par  un  accrolssement  de  vitesse  par  rapport  A  l'Acoulement  illlmltA.  On  pose  ainsi  que  la  distri¬ 
bution  de  pression  p  sur  le  corps  n'est  pas  influence  par  la  parol  (x). 


Done,  le  rapport  : 

P-  Pt=/Ho-Pb 


doit  fetre  independent  de  la  contrainte.  Mals  : 

Ho  -  Po  *  %  v/  =  Pb  +  %  k*V0z 


Un  coefficient  de  pression  de  culot  : 

Cpij  =  ~  Ho  _  1^1(2 


9< 


Atant  alors  dAfini,  la  prAcAdente  hypothAse  revlent  A  Acrire 


P~Ph  Cx 
k2^  ~  k* 


Cx 

1-  cPh 


Constant* 


Cette  derniAre  relation  a  AtA  vAriflAe  expArimentalement  et  trouvAe  Agale  A  0,837. 
Elle  justlfle  done  1'hypothAse  de  dApart  tout  en  montrant  que  d£$  /dxm  0.  Ainsi  : 


_*i  .  &L  Voc  ^  1  -CPL 
k c  Cxc  Vz  1  -  Cpbc 


Puis  on  Atablit  la  conservation  des  quantitAs  de  mouvement  dans  1 'Acoulement  non 
perturbA  A  travers  la  surface  de  conti 61e  dAflnle  sur  la  figure  6.  Elle  est  formAe  des  parols  guldAes 
de  la  soufflerie,  de  la  surface  du  corps  et  de  la  surface  isobare  limltant  le  slllage  effectif  ainsi 
que  des  plana  1  et  2  normaux  au  vecteur  vitesse  Vo.  On  considAre,  dans  le  plan  i,  la  section  de  passa 
ge  C  oA  la  vitesse  est  Vo  et  dans  le  plan  2,  la  section  C  -  B  oil  la  vitesse  est  V2.  Par  continuitA, 
avec  m  *  B/S  : 


*  -  *  cSr-  * 0-  #/=  *  0- *£)" 

NAgligeant  les  teroes  du  second  ordre,  on  arrive  A  : 

Cx  =  rn  f  k2-1—  m -§-J  , 

relation  qui  se  vArifie  encore  expArimentalement. 

Si  le  disque  de  surface  S  est  placA  en  atmosphAre  illlmitAe,  ou,  ce  qui  revlent 
au  mAme,  si  I'on  fait  tendre  vers  zAro  le  rapport  S/C,  la  relation  prAcAdente  devient  : 

Cxc  =  nmc  (/£- 


(x)  La  rApartition  des  pressions  sur  un  cylindre  circulaire  est  influencAe  par  la  prAsence  de  parois. 
Un  tel  corps,  par  exemple,  n'est  done  pas  redevsble  de  cette  thAorie.  On  utilisera  plutOt  les 
formules  de  corrections  de  l'effet  du  blocage  donnAes  par  Glauert  dans  1'A.R.C.  Rand  H  1566  - 
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Alors,  si  l'on  pose  m  =  me,  avec  Cx/k? W  Cons/anfe ^ 

Cx  k2 


t3a] 


L 'experience  invalide  cette  relation.  On  doit  faire  intervenir  la  distorsion 
du  sillage,  c'est-A-dire,  dcrire  :  m  t  me.  Sous  I'effet  des  parois,  le  sillage  a  tendance  &  se 
contracter.  Une  relation  auxiliaire  est  introduite,  telle  que  : 


s_ 

c 


et  qui,  supportde  par  quelques  experiences,  conduit  A  remplacer,  dans  le  second  terme  du  membre  de 

=x 


droite  de  l'dq.  3a,  le  coefficient  Cx£  par  le  coefficient  Cx  mesurd. 


II  en  rdsulte  les  relations  fondamentales 


-’SI’S 

II 

I  r\ 
o' 

II 

1 +  _ c* 

s 

'  c 

raj 

?+  Cx 

3 

C4J 

1-  CPU 

k2-1 

‘  c. 

que  l'on  peut  transcrlre  en  forme  usuelle  de  correction  de  pression  cindtique  : 

<r*  5 


OJLCx 


7* 


1 53 


avec 


G  = 


kt-1 


Cph  c 


A  partir  de  coefficients  de  pression  de  culot  mesurds  sur  la  face  srrifere  de 
plaques  planes  rectanguluires,  placdes  normales  au  vent,  d 'allongement  variable  de  1  A  20  (2)  et 
d'allongement  inf ini  (4),  des  valeurs  de  6  sont  donndes  dans  le  tableau  2  et  placdes  sur  la  figure  7. 


Toutefois,  pour  des  plaques  de  m6me  allongement,  0  peut  varier  d'une  soufflerie 
A  une  autre,  toutes  choses  dgales  par  allleurs  (10).  Alnsi,  pour  un  allongement  dgal  A  un,  11  a  dtd 
trouvd  soit  6  =  2,77  avec  Cp^e.  =  -  0,361,  soit  0  **  2,66  avec  Cpbc  =  -  0,375.  Cette  diffdrence 
est  vralsemblablement  lide  A  la  turbulence  du  courant  d'air  dans  la  veins  d'essais. 


En  allongement  infini,  9  varie  avec  1 'inclinaison  de  la  plaque  par  rapport  A  la 
direction  du  vent  et  son  dvolution  en  fonction  de  l'incldence,  donnde  dans  le  tableau  3,  correspond 
sc.isiblement  A  celle  obtenue  avec  des  profils  (4). 


4  -  GENERALISATION 


Une  double  ddmarche,  hardie  raais  justifide  par  1 Vxpdrience  comme  il  est  montrd 
dans  les  conclusions,  permet  de  transcrlre  le  rdsultat  dQ  A  1 'observation  de  l'dcoulement  derriAre 
une  plaque  plane,  fondde  3ur  la  notion  d'eau  morte,  en  termes  de  corrections  de  blocage  do  aux  ddcol- 
lements  sur  une  aile  placde  A  forte  incidence. 


La  preraifere,  basde  sur  1 'analogic  entre  les  dcoulements  rapportde  dans  le  para¬ 
graphs  2,  consiste  A  utiliser  l'dq.  5  comme  tetme  correctif  de  pression  cindtique  autour  d'une  aile 
ddcollde  (10,  11).  Alors,  pour  des  allongements  compris  entre  1  et  10,  Maskell  propose  d'adopter 
9  **  2,5  et  pour  1 'allongement  infini,  9  =  1.  Reste  A  ddfinir  le  coefficient  de  trainde  de 

ddcollement,  C  xd,  qui  doit  6tre  substitud  au  coefficient  Cx  de  l'dq.  5.  Ces  deux  paramAtres  9  et 
Cxd  sont  discutds  plus  loin. 


La  seconde  ddmarche  propose  d 'additionner  le  coefficient  tS 3  aux  coefficients 
£■■*  et  £2  comme  le  montre  l'dq.  2  (10,  11,  12).  E>i  1 'absence  de  ddcollements,  la  correction  de 
pression  cindtique  appat„tt  sous  sa  force  usuelle  (12,  13).  Cette  superposition  llndaire,  qui  dvite 
toute  dlscontinuitd  dans  les  calculs,  se  confxrme  par  le  fait  que  les  ddcollements  n 'apparaissent 


S2 


Ji 


9-6 


pas  gdndralement  d'une  faqon  subite.  Ils  s 'amor cent,  par  exemple,  vers  le  bord  de  fuite  d'un  profil 

pour  remonter  vers  son  bord  d'attaque,  avec  le  bulbe  d'eau  morte  (fig.  3s  et  3b). 

Ce  phdnomdie  est  aussi  vrai  en  bidimensionnel  qu'en  tridimensionnel,  Mais  dans 
ce  dernier  cas,  de  plus,  11s  s'dtendent  progressivement  A  route  l'envergure  de  l'aile.  On  dolt  enfln 
remarquer  que  si  les  coefficients  £*  et  £ 2  sont  fonctions  de  la  position  de  la  maquette  dans  la 
veine  d'essais  puisqu'ils  sont  dtablis  a  partir  de  la  thdorie  des  images,  le  coefficient  €3  est 
independent  de  Cette  position  de  par  la  nature  mdme  de  son  calcul  (14). 

4. 1  -  Coefficient  9  -  Tarage  des  soufflerles 

II  peut  sembler  prudent,  4  cause  de  la  turbulence,  de  contrbler  la  valeur  de  0 
pour  chaque  soufflerie  munie  de  veines  a  parols  guiddes.  Mais  11  devient  iopdratif  de  connaltre  la 

valeur  de  ce  param&tre  pour  tout  autre  type  de  parols,  comrae  par  exemple,  pour  des  veines  rectangu- 

laires  semi-guiddes. 

Pour  cela,  on  place  successlvement  dans  la  veine  d'expdriences  des  plaques  planes 


soil,  circulaires,  soit  rectangulaires  de  mfime  allongement,  mais  de 
coefficients  de  trainde  Cx  sont  mesurds.  Par  un  proeddd  graphique, 
valeur  de  6,  puisque  grAce  S  I'dquation  3  : 

Cy u  c* 


surfaces  S  diffdrentes.  Leurs 
il  est  possible  de  ddterminer  la 


[3J 


ou  Cxc  ddsigne  la  valeur  du  Cx  obtenu  lorsque  S/C  tend  vers  zdro. 
du  coefficient  de  trainde  de  la  plaque  de  surface  S  corame  si  elle 
atmosphere  illimitde. 


Autrsment  dit,  Cxc  est  la  valeur 
dtait  soumise  A  un  dcoulement  en 


On  peut  encore  mesurer  les  coefficients  de  pression  de  culot  en  arri&re  des 
plaques  et,  se  rappelant  que  : 

=  Constance , 

1<Z 

tracer  simplement  Cpb  en  fonction  de  S/C.  On  en  ddduit  pour  S/C  =  0,  le  coefficient  : 

CPbc 

Si  les  pressions  sur  la  face  arri&re  des  plaques  sont  perturbdes,  on  peut  prendre 
leur  valeur  moyenne  (4).  Cependant,  dans  ce  cas,  la  rodthode  par  les  Cx  semble  prdfdrable. 

Des  exeraples  sont  proposds  sur  les  figures  8  et  9.  La  figure  8  est  relative  A  la 
soufflerie  circulaire  guidde  n°  1  de  l'Institut  Adrotechnique  de  Saint-Cyr  (15).  On  obtient  9  =  2,69, 
valeur  placde  sur  la  figure  7. 

La  figure  9  correspond  A  des  tarages  effectuds  dans  la  veine  rectangulaire  semi- 
guidde  de  la  soufflerie  Brdguet  A  Vdlizy  (16).  On  a  deux  valeurs  de  9  A  savoir  1,92  et  2,18.  On  adop- 
te  9  =  2.  Ces  points  sont  dgalement  portds  sur  la  figure  7. 

4.2  -  Ddfinition  du  coefficient  de  trainde  de  ddcollement  Cxd 


If 

I 


u 

1  4 


I  \ 


Le  coefficient  de  traindp  de  ofcollement  Cxd  est  le  paramdtre  le  plus  important 
car  il  ddfinit,  en  fait,  1 'allure  de  la  polaire  expdrimentale.  II  apparait  aux  incidences  pour  les- 
quelles  cette  polaire  n'est  plus  confondue  avec  la  polaire  parabolique  thdorique,  parallAle  A  la 
polaire  induite.  A  iso-Cz,  le  coefLicient  Cxd  n'est  autre  que  la  diffdrence  des  coefficients  de  trai- 
nde  de  ces  deux  polairea  :■ 


cz.-o  vex. 

ou  A  ddsigne  1 'allongement  dquivalent  de  l'aile,  Cxu  et  Czu  les  coefficients  expdrimentaux  bruts 
et  en  supposant  que  le  Cx  minimum  correspond  au  coefficient  de  portance  nulle. 

8ien  souvent,  les  corrections  de  blocage  ne  sont  pas  utilisdes  d'une  faqon  systd- 
matique.  Celles  dues  aux  ddcollements  ne  le  sont  qu 'sccessoirement  et  servent  uniquement  de  contrOle 
(17).  On  ddtermine  alors  le  Cxd  graphiquement  (10,  11).  Dans  les  cas  simples,  on  trace  Cxu  expdrimen- 
tal  en  fonction  du  Czu2(fig.  10).  Les  points  expdrimentaux  se  placenl  sur  la  droite  de  pente 
puis  s 'en  dloignent  dds  qu 'apparaissent  les  ddcollements,  d'ou,  par  diffdrence,  les  valeurs  de  Cxd. 

On  peut  rapprocher  de  cette  mdthode,  celle  qui,  utilisde  actuellement  en  bidimen- 
sionncl  (18),  consiste  A  calculer  la  valeur  de  7fA  en  rccherchant  les  coefficients  Cxuf  et  Czuf  qui 
correspondent  sur  la  polaire  expdrimentale  au  point  de  finesse  maxlmalc  en  supposant  qu'A  1 'incidence 
corraspondante  il  r.'y  ait  pas  de  ddeo! loments.  Four  un  profil  symdtrique,  on  a  : 

4  _  Cx uf 


TfX 


SCzlf 


,i  if?.*, 


4.3  -  Remarque  importante 


Depuis  1966,  les  Avicms  Marcel  Dassault  emploient  couramment  les  relations  de 
corrections  (1)  et  (2).  Puis,  suivant  les  recommandations  de  la  section  Etudes  Gfinfirales  du  Service 
Technique  de  I'Afironautique  du  Gouverneosnt  Franqais,  dfes  1968,  ce  procfidfi  a  fitfi  fitendu  4  la  plupart 
des  souffleries  franqaises  basse-vitesse  qui  corrigent  leurs  rfisultats  bruts  des  effets  du  blocage 
(12). 


Ces  relations  ont  fit fi  nficessairement  transformfies  en  programmes  machines  pour 
Stre  introduites  dans  les  chalnes  de  dfipouillements  des  rfisultats  d'essais.  Mais,  revenant  au  blo¬ 
cage  dQ  aux  dficollements,  on  exprime  Cxd  sous  sa  forme  la  plus  gfinfirale,  comme  il  est  montrfi  sur  la 
fig.  11  : 


c*j  =  c*«  -[<■ 


On  recherche  l'filfiment  de  parabole  confondu  avec  la  polaire  expfirimentale  sur  la 
plus  grande  plage  de  Czu  en  utilisant  la  mfithode  des  moindres  carrfis.  Cette  programmation  rend  aisfie 
et  prficise  la  dfitermination  de  la  valeur  de  TfA*  mats  implique  de  connaltre  une  plage  de  points 
expfirimentaux  limitfie  p_r  un  Czu  supfirieur  et  un  Czu  inffirieur,  bornes  de  la  polaire  sans  dficolle¬ 
ments.  Ce  Czu  inffirieur  peut  Stre  aussi  utilisfi,  par  exemple,  pour  dfilimiter  et  rejeter  du  calcul  de 
la  zone  d'apparltion  d'une  poche  laminaire  sur  la  polaire  de  certains  profils.  La  recherche 
de  la  valeur  de  7lf  02  dfifini  par  : 


/  _  “  Cx  urr> 

~  feu  ~Czum)e 

est  d'autant  plus  prficise  que  les  points  expfirimentaux  sont  plus  serrfis. 

On  remarque  enfin  que  pour  des  ailes  hypeisustentfies,  et  bien  que  l'avlonneur 
s'intfiresse  surtout  aux  incidences  filevfies,  on  peut  Stre  amenfi,  en  soufflerie,  4  faire  quelques 
points  de  mesures  5  des  Incidences  trfis  faibles  (fig.  3a)  pour  dfilimiter  la  borne  inffirieure  de  la 
polaire  thfiorique. 


Ce  procfidfi  s'est  rfivfilfi  satlsfaisant  et  d'un  emploi  tout  4  fait  gfinfiral  m&me 
pour  des  ailes  dont  le  Cz  max,  est  de  l'ordre  de  3  (12). 


4.4  -  Ecoulement  compressible  aubsonlque 


L' introduction  de  la  compressibllltfi  est  aisfie.  Grace  4  1 'utilisation  de  la  rfi- 
gle  de  GUthert  (19,20),  avec  yS-  1 ' fiq.  5  devient  : 


X  _  7  O 
<-3M  ~  ' —  / - * 


'6  J35 


F 


J32C 


Cx<j 


F/3 


-3 

2 


C 


<s3m  =  f3~3.  e3 

Er.  premifire  approximation,  on  admet  que  le  coefflc.ci..  0  n'est  affectfi  par  la 
compressibllitfi  que  par  1 'intermfidialre  de  1 'allongement  qul  s'exprime  par  /3,\  .  Ainsi,  en  tridi- 
mensionnel  et  pour  :•  ' 

1  <  f$>  <10  , 

on  adopte  la  relation  facile  4  introduire  en  machine  (22)  : 

&=2, 8-0,  068  &  \ 

qui,  pour  J$  s  Jl  —M?  =  1,  se  rfiduit  4  la  relation  proposfie  sur  la  figure  7  : 

&*  2  8-  0,068  J 


La  polaire  induite  n'fitant  pas  raodififie  par  la  compressibilicfi,  la  recherche  du 
Cxd  se  fait  comme  il  a  fitfi  ficrit  plus  haut  en  4.3.  La  borne  supfirieure  du  Czu  4  partir  de  iaquelle 
les  deux  polaires  ne  sont  plus  confondues  dficrolt  lorsque  le  nombre  de  Mach  augmente.  On  a  ainsi  une 
liralte  4  la  dfitermination  du  Cxd. 

Enfin  les  relations  (1)  et  (2)  s'ficrivcnt  maintenant  :• 

?c  =  *7«  fi  +  (2  -  Mo)<£m 1 

avec  - 

~  •f-  £3/4 
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Les  facteurs  de  compressibility  qui  af  fee  tent  <^"i  ,  <?2  et  <£3  sont  donnds 

dans  le  tableau  1.  En  outre,  intervient  une  correction  sur  le  nombre  de  Mach  : 

AM*  £»  (1+0,2 M*)tf0 

qui,  A  cause  de  la  linearisation,  n'a  une  signification  que  lorsqu'elle  demeure  infdrieure  A  4  7. 
de  Mo. 

5  -  CONCLUSIONS 

5.1  -  Remarques 

En  conclusion,  on  va  prouver  par  des  examples  la  justesse  des  iddes  dmises  prd- 
eddemment.  On  fera  dgalement,- suivant  les  mSthodes1 prdconisdas  par  l'AGARD,  quelques  recomoandations 
afin  de  situer  les  rdsultats  acquis  par  rapport.  A  ceux  qui  demandent  encore  certaines  precisions. 

Le  support  de  toute  theorie  semi-empirique  demeure  sa  verification ’expdrimen- 
tale.  C'est  pourquoi  la  demonstration  de  la  validity  de  la  theorie  de  Maskell  et  de  sa  generalisa¬ 
tion  r.e  pent  etre  apportee  que  par  l'utilisation  intensive  des  relations  de  corrections  de  blocage 
dQ  aux  ddcollements  qui  apparaidsent  sur  des  alias  placdes,  dans  undcoulement  incompressible  A  des 
incidences  dlevdes  ou  mAme  A  des  incidences  moddrdes  dans  un  dcoujement  compressible.  Leur  applica¬ 
tion  aux  rdsultats  d'essais  bruts  obtenus  A  partir  des  maquattes  d'uft  mAme  avion,  rdalisdes  A  dif¬ 
ferences  dchelles,  placdes  dans  diverses  souffleries,  permet  le  regroupement  de  leurs  caractdristi- 
ques  aerodynamiques .  Pour  une  mAme  configuration  de  vol,  les  rdsultats  corrigds  deviennent  homdgAnes. 
Mais  l'effet  essentiel  des  corrections  de  ddcollements  demeure  le  regroupement  des  coefficients  de 
portance  autour  d'une  mAme  valeur  et  tout  spdcialement  dans  le  domaine  des  Cz  max..  Les  exemples 
proposes  concernent  les  Avions  Marcel  Dassault  :  MIRAGE  III,  MIRAGE  G,  MIRAGE  F.  De  plus,  des  rdsul- 
tsts  d'essais  en  vol  viennent  confirmer  les  rdsultats  de  souffleries  ainsi  corrigds,  obtenus  en  tri- 
dimensionnel  incompressible  aussi  bien  sur  maquettes  completes  que  sur  demi-maquettes  A  la'  parol. 

En  tridimensionnel  compressible,  les  rdsultats  relatifs  A  des  maqiiettes  completes 
sont  satisfaisants.  Mais  l'utilisation  de  ces  corrections  n'en  est  encore  qu'au  stade  prdliminaire. 

II  en  est  de  mAme  pour  le  bidimensionnel  quoiqu'encore  les  rdsultats  obtenus  soient  ddjA  plus  nom- 
breux.  .  1 


5.2  -  Etudes  en  cours  -  Bidimensionnel 


! 


Une  remarque  s'lmpose  :  11  est  rare  que  l'allongement  lnfinl  sole  realise  et 
1 'allongement  equivalent  depend  surtout  du  montage  experimental.  II  est  souvent  de  l'ordrc  de 
20  A  30  bien  qu'il  atteigne  des  valeurs  voisinos  de  50  comme  danc  la  soufflerie  Si  de  l'O.N.E.R.A. 

A  Cannes  (21),  ces  valeurs  de  A*  dtant  ddtermlndes  dans  le  domaine  sans  ddcollements.  Le  coeffi¬ 
cient  0  semble  alors  pouvoir  Atre  ddduit  de  la  fig,  7.  Mais  0  est  variable  avec  1' incidence  comme  le 
montre  le  tableau  3  (4,  10).  Ainsi,  0  est  determine  par  .une  double  entree  : 


<>>„(«').  "  %.»•(*) 


On  est  done  tentd  de  prendre  9  ldgArement  supdrieur  A  1. 

Des  essais  rdeents  et  comparatifs,  entrepris  A  basso  vltesse,  sur  un  mAme  profil 
de  corde  placd  dans  deux  souffleries  de  hauteurs  H  differences  confirmeht  que  6  doit  Atre  comprls 
entre  1  et  1,15,  I'influence  de  l'allongement  equivalent  dtant  prdponddrante.  Ces  valeurs  dd  0  peu- 
vent  Atre  conservdes  jusqu'A  Mo  “*.  0,3,  limite  d'utilisation  actuelle  de  la  soufflerie  S  10  du 
C.E.A.T.  (18).  1  i 

Pour  determiner  et  prdciser  0,.dans  le  cas  .e  profils  ddcollds  placds  en  presence 
de  paro.'s  guiddes  ou  permdables  A  nombres  de  Mach  dlevds,  on  envisage,  en  se  servant  de  l'dq.  3, 
d'utiliser  d'une  part  la  valeur  moyenne  de  leurs  coefficients  de  pression  d'extrados  et  d'autre  part 
leurs  coefficients  de  trainee.  Regrouper  autour  d'une  mAme  valeur  les  Cz  max  d'un  profil,  mesurds  en 
prdsence  de  parois  de  permdabllitds  dlffdrentes,  Justifierait  cette  mdthode. 


De  tele  essais  sont  actuellement  en  cours  dans  la  soufflerie  Ri  Ch  de  l'ONERA  A 
Chalais  Meudon.  Mais  dAs  A  prdsent,  on  doit  mentionner  que  mAme  pour  des  nombres  de  Mach  de  0,8,  on 
obtient  des  valeurs  de  6  qui  sont  en  bon  accord  avec  celles  du  tableaq  3.  L'allongement  equivalent 
dtant  trAs  dlevd,  I'influence  de  l'effet  d'incidence  semble  importante. 

Dans  tous  les  cas,  on  doit  se  rappeler  le  modAle  propose  par  Maskell  et  la  nature 
des  ddcollements  a  dtd  observde  en  particulier  A  Rj  Ch  pat  filmb  cindmatographiques. 


5.3  -  Etudes  en  cours  -  Rdsultats  acquis  -  tridimensionnel  compressible 


Pour  des  nombres  de  Mach  corapris  entre  0,5  et  0,9  et  A  incidence  variable,  un 
avion  de  transport  muni  d'une  aile  en  flAche,  d' allongement  voisin  de  7,  a  dtd  essayd  dans  la  souf¬ 
flerie  2Z  4  de  l'Institut  Adrotechnique  de  Saint-Cyr  dont  la  veine  carrde  se  prAte  A  la  rdalisation 
de  deux  configurations  * 

-  veine  A  quatre  parois  pleines  ; 


-  veine  A  parols  vertleales  pleines  et  A  parois  horizontales  perfotdes  possdd&nt  une 
permdabilitd  gdometrique  de  29  7,. 


S5 
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Dans  los  deux  cas,  le  rapport  de  la  surface  S  de  l'alle  A  la  section  C  de  la 
1  veine  est  Agal  St  1/24,  et  les  corrections  de  blocage  de  volume  £m  et  de  sillage  sont  nAgli- 
geables  ou  nulles  (22).  L'effet  des  dAcollements  apparait  sur  les  courbes  issues  de  la  veine  guldde 
L'application  des  corrections  en  correspondantes  du  paragrephe  4.4,  donne  des  rAsultats  satls- 
faisants  comme  11  est  prouvA  par  les  exeoples  de  la  figure  13. 


5.4  -  RAsultats  acquis  -  Tridimenslonnel  Incompressible 
Maquettes  completes  et  deml-maquettes  A  la  parol 

5.4.1  -  Alias  jde^tii 

La  fig.  12  raontre  des  rAsultats  obtenus  sur  des  maquettes  d'alles  delta  du  type 
de  celles  dont  sont  AquipAs  les  avions  DASSAULT  :  MIRAGE  III  et  IV.  On  confirme  ainsi  leo  correc- 
tion»  appliquAes  par  Maskell  A  des  ailes  delta  d'allongement  3  placAes  A  des  incidences  supAfieures 
A  15°  (10,  11).  Cependant,  il  convient  de  faire  une  remarque.  Revenons  A  la  fig.  12.  En  fait,  pour 
les  incidences  infArieures  A  12°,  les  rAsultats  sont  redevables  des  corrections  £i  et  £z  uniquement, 
c'est-A-dire  que  le  tourbillon  d'apex,  bien  organisA,  crAateur  de  portance  tourbillonnaire,  n'est  en 
aucun  cas  assimilable  A  un  dAcollemcnt  du  type  d'eau  morte.  Mais  dAs  que  1'incidence  atteint  et  dA- 
pssse  12°,  la  courbe  unitaire  de  portance  s'inflAchit.  Le  tourbillon  d'apex  s'Apanouit  et  on  doit 
alors  ajouter  le  terme  correctif  fj  ,  dO  aux  dAcollements. 

5.4.2  -  Avion  Mlra£e_G_ 

On  donne  quelques  exemples  d'application  des  corrections  ae  blocage,  en  mettant 
en  Avidence  la  part  de  celle  due  aux  dAcollements,  A  des  rAsultats  de  maquettes  et  demi -maquettes  de 
1 'avion  MIRAGE  G  dans  sa  configuration  ;  voilure  en  flfeche  modArAe,  fortement  hypersustentAe. 

Los  essais  ont  AtA  rAaiisAs  dans  les  souffleries  du  C.E.A.T. ,  A  Toulouse,  de 
l'ONERA,  A  Chalais-Meudon  et  BREGUKT  A  VAlizy,  les  courbes  correspondantes  sont  donnAes  sur  les 
fig.  14  et  15.  On  a  Agalement  portC  1 'importance  des  corrections  les  unes  par  rapport  aux  autres. 

A  partir  de  fortes  incidences,  le  terme  en  £3  peut  Stre  de  l'ordre  de  grandeur 
de  £1  +£2,  voir  mSrae  supArieur. 

Enfin,  on  doit  noter  que  dans  la  soufflerie  BREGUET,  bien  que  le  coefficient  0 
salt  pris  Ag-il  A  2,  la  correction  £3  est  trAs  faible  et  n'intervient  qu'A  partir  d'ur.  Cz  voisin  du 
Cz  max..  Ce  rAsultat  est  important  car  il  met  en  Avidence  la  part  prApondArante  de  la  polaire  et  du 
Cxd.  Da  plus,  on  se  -appellera  que  dans  cette  soufflerie  <£1/  SrdTj^O,  de  par  la  nature  des  parols  : 
veine  rectangulaire  seml-guidAe  par  plancher  et  plafond. 

5.4.3  -  Avion  MIRAGE_F 

La  figure  16  donne  des  rAsultats  obtenus,  avant  et  apres  corrections,  sur  des 
maquettes  et  demi -maquettes  de  1 'avion  MIRAGE  F.  Son  aile,  en  forte  flAche,  est  fortement  sustentAe. 

Les  essais  ont  AtA  effectuAs  dans  les  souffleries  dt  l'Institut  AArotechnique  de 
Saint-Cyr,  de  l'O.N.E.R.A. ,  A  Chalais-Meudon,  et  du  C.E.A.T.,  A  Toulouse. 

On  remarque  encore,  sur  la  figure  17,  A  forte  incidence,  1 'importance  des  correc¬ 
tions  de  dAcollements  dans  le  cas  du  grand  eucombrement  ou  S/C  Sz  1/5. 

5.4.4  -  Sou£_£lerie_ -_V o  1 

La  figure  18  compare  des  rAsultats  de  souifleries  corrigAs  avec  ceux  du  vol  ct 
montre  la  cor.fiance  qu'il  est  permis  d'accorder  aux  corrections  de  blocage  de  dAcollements  superpo- 
sAes  A  celles  de  volume  et  sillage  m6me  pour  des  valeurs  AlevAes  de  S/C.  L'estimation  de  £3  ,  grande 
par  rapport  A  E,  +£"2,  est  largement  satisfaisante. 

Maskell  pensait  que  le  support  de  oa  thAorle,  relative  aux  Acoulements  derriAre 
des  plaques  planes,  et  transposAe  aux  ailes  portantes  dAcollAes,  ne  pouvait  provenir  que  des  rAsul¬ 
tats  obtenus  aprAs  application  de  la  correction  de  blocage  elle-mAme  (10  -  p.  15). 

Les  quelques  exemples  proposAs  prouvent  la  validitA  de  telles  hypothAses.  On  a 
done  gAnAiallsA  1 'utilisation  des  corrections  de  faqon  A  rendre  leur  emploi  systAmatique  dsns  la 
technique  des  essais  de  souifleries. 


O 
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TABLEAU  I 
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TABLEAU  7 
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TABLEAU  3 
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Ecoulement  dtrriara  un  disque  Fig  6  Model*  de  MASKELL 


9-13 


i 


Fig  3a  t  Of  =^5° 

Vo  Jet  brague  a  25° 

( Deco//emen/  /oca/  sur  /e  vo/e/) 


F/g  3b:  rX=10° 

Vo/et  brogue  a  25° 

( OecoHemen/  sur  tou/e  /a  voi/ure) 


Photos  iahoratbire  hydro  dynam/cfue  ON£RA 

- 1 — it rr - — 


Fig  4- :  Iburbillon  d'apex  organise 


Photos  Laboratoire  hydro dynorn/cjue  ONEJPA 


Determination  do  Cxd 


Determination  do  c»d 


MIRAGE  G  (Hypersustente) 
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AEROOYNAMICS  OF  HIGH-LIFT  AIRFOIL  SYSTEMS 
by 

A.  M.  0.  Smith 
Douglas  Aircraft  Company 

SUMMARY 

The  purpose  of  this  paper  is  to  clarify  and  illiarinate  the  aerodynamic  processes  that  occur  in  flow 
past  unpowered  multi -element  airfoils  in  the  high-lift  attitude.  Charts  showing  permissible  pressure 
recovery  for  retarded  flows  are  presented.  The  best  possible  load  carrying  pressure  distributions  are 
described,  as  well  as  airfoils  that  develop  the  maximum  possible  lift  in  fully  attached  flow.  The  proces¬ 
ses  of  interaction  between  elements  of  a  multi-element  airfoil  are  discussed  at  some  length.  It  is  shown 
that  for  a  given  optimuR  type  of  pressure  distribution  a  two-element  airfoil  can  develop  more  lift  than 
a  single  element  airfoil  shaped  to  develop  this  same  pressure  distribution. 

PRINCIPAL  NOTATION 

a.b,  constants  in  Stratford's  pressure 
bution,  eq.  (6) 

c  chord 

Cj  section  lift  coefficient 

Cp  ^anonical  pressure  coefficient, 

"  P  -  P0 

r/mn  ’  see  Fi9ure  6 

Cp  i  onventional  pressure  coefficient, 

P  -  Pm 

VTpTJ 

f|,F2*F3  chord  fractions,  eq.  (16) 

1  /  length  of  a  flat  plate,  eq.  (14) 

M  s  Mach  number 

m  exponent  in  canonical  pressure  dis 

tions,  see  Figure  8 

velocity  magnification  ratios,  eq. 

n  exponent  in  Stratford's  eq.  (5) 

p  pressure 

p  pressure  at  start  of  pressure  reco 

see  Figure  6 

pro  ambient  pressure 

1.  ' INTRODUCTION 

In  surveying  the  literature  and  knowledge  pertaining  to  the  problem  of  low  speed  separation  as  re¬ 
lated  to  the  development  of  high  lift  the  author  finds  little  clear  discussion  of  the  fundamentals  of  the 
flow  processes.  Often  a  paper  deals  more  with  "how  to"  than  "why".  In  some  cases  wrong  thinking  is 
clearly  perceived,  in  other  cases  correct  thinking  shows  through  but  the  processes  are  never  explicitly 
discussed,  or  in  all  probability  the  processes  have  never  been  considered  in  detail. 

The  subject  of  interest  is  simple  two-dimensional  flow,  not  complicated  by  laminar  bubbles  and 
reattachment,  B.L.C.,  or  partial  separation.  Hence,  documents  such  as  that  from  the  AGARD  Conference  on 
Separated  Flows  [1]  do  not  contribute  to  the  problem  of  interest.  Reference  [2]  is  an  informative  survey 
of  lift  augmentation  devices  and  supporting  studies.  But  it  too  has  different  interests.  The  work  in  it 
that  is  closest  to  the  present  subject  is  by  McRae  entitled  Aerodynamics  of  Mechanical  High  Lift  Systems. 
Its  aerooynami cs  is  sound  but  it.  is  priii-arily  concerned  with  general  correlations,  and  it  considers  too 
large  a  variety  of  devices  to  9et  into  much  detail. 

The  purpose  of  this  paper  then  is  to  clarify  and  illuminate  the  underlying  aerodynamics  of  develop¬ 
ing  high  lift.  The  problem  resolves  itself  into  two  sub-problems  -  (1)  the  aerodynamics  of  the  boundary 
layer  flow  and  (2)  the  aerodynamics  of  the  inviscid  flow.  The  boundary  layer  type  of  analysis  (problem  1) 
tells  us  whether  and  where  separation  will  occur.  It  amounts  to  the  allowable  load  problem.  The  inviscid 
analysis  (problem  2)  tells  us  what  can  be  done  to  produce  pressure  distributions  more  favorable  to  the 
avoidance  of  separation.  This  amounts  to  the  applied  load  problem.  In  particular  the  effect  of  slots  as 
on  multi-element  airfoils  is  dealt  with  at  some  length. 

♦Chief  Aerodynamics  Engineer  -  Research 
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distri- 

Q 

velocity  magnitude 

Rc 

chord  Reynolds  nuatoer,  uo  c/v 

«/ 

length  Reynolds  number,  uQi/v 

Ro 

length  Reynolds  number  for  flat  plate 
flow  forward  of  pressure  rise. 

Ro  =  u0  V" 

S 

circumferential  distance  around  an 
airfoil 

U 

velocity 

X 

length 

a 

angle  of  attack 

tribu- 

£ 

polar  angle  around  a  circular  cylinder 
measured  from  forward  stagnation  point 

e 

momentum  thickness  of  the  boundary  layer 

(16) 

Do 

conditions  at  start  of  pressure  rise 

^  ^sep 

conditions  at  separation 

<  >e 

conditions  at  the  edge  of  the  boundary 
layer 

'very. 

<  >T.E. 

conditions  at  the  trailing  edge 

(  >» 

reference  conditions,  far  away 
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Figure  i.  A  comparison  of  predicted  separation  points  witn  experiment  for  Schubauer's 
elliptic  cylinder,  Rg  =  1.18  x  10s. 


Figure  2.  Comparison  of  predicted  separation  points 
with  experiment  for  the  airfoil -like 
body  of  Schubauer  and  Klebanoff. 


F:gure  4.  Predicted  separation  points  for  the 
experimental  pressure  distribution  on 
the  I1ACA  66,2-420  airfoil. 


Figure  3.  Comparison  of  predicted  separation  points 
with  experiment  for  Newman's  airfoil. 


Ill 
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PART  I.  TKc  ABILITY  OF  BOUNDARY  LAYERS  TO  ENDURE  PRESSURE  RISE 
2.  THE  ABILTTY  TO  PREDICT  SEPARATION  POINTS 

Wiether  lifting  or  not,  any  streamlined  body  moving  through  a  fluid  causes  a  local  speadup  of  the 
velocity,  followed  by  a  retardation  towards  the  trailing  edge,  at  which  point  the  velocities  are  not  far 
from  those  of  the  anient  environment.  At  higher  angles  as  lift  is  increased  the  local  velocities  on  the 
suction  side  increase,  so  that  decelerations  near  the  trailing  edge  become  greater.  Finally  as  angle  of 
attack  and  lift  are  still  further  increased  the  flow  will  begin  to  separate.  Therefore  accurate  prediction 
of  separation  points  is  seen  to  be  a  vital  step  in  the  analysis  of  high  lift  systems.  Extensive  studies  of 
theoretical  separation  points  nave  meaning  only  if  the  methods  of  analysis  have  sufficient  accuracy.  Hence 
the  first  question  to  be  answered  is  the  accuracy  of  existing  methods. 

Just  such  a  study  is  described  in  [3]  which  is  a  condensation  of  [4].  Four  methods  of  predicting 
separation  were  examined  and  three  proved  satisfactory  for  purposes  of  general  engineering  analysis.  These 
were  Head's  method,  the  Cebeci-Smith  method  and  Stratford's  method.  Figures  1,  2,  3  and  4.  taken  from  [3]; 
show  typical  results.  Tests  carefully  locating  separation  points  are  scarce,  but  Figures  1,  2  and  3  do 
have  such  information.  In  Figure  <  separation  points  must  be  inferred  as  the  point  where  -  Jte  velocity  dis¬ 
tribution  assumes  a  constant  value.  In  general  there  is  satisfactory  agreement  between  the  methods  and  with 
experiment.  Based  on  examination  of  many  more  cases  than  shown  here  the  Cebeci-Smith  partial  differential 
equation  method  seems  best,  but  Head's  is  not  far  behind.  The  errors  in  Stratford's  method  average  several 
times  as  great  but  it  still  can  be  considered  satisfactory.  (It  should  be  noted  that  the  corstants  used  by 
Stratford  have  been  changed  somewhat  in  order  to  improve  the  accuracy,  see  [3].)  Stratford's  method  has 
great  convenience  because  it  does  not  require  solution  of  the  boundary  layer  equations.  It  is  slightly  con¬ 
servative  in  that  it  usually  predicts  separation  early. 

Ir.  the  studies  that  follow,  calculations  have  been  made  by  the  Cebeci-Smith  method.  Not  only  dees  it 
seem  to  be  the  most  accurate  but  also  it  is  the  only  one  of  the  three  that  can  account  for  high  Reynolds 
ntmber  and  Mach  muter  effects  accurately.  Figure  5  is  a  sumaary  of  further  studies  made  at  Douglas  and 
hitherto  unreported.  It  is  concluded  that  for  rear  separation  (no  laminar  bubble-reattachment  situation) 
existing  boundary  layer  methods  are  sufficiently  accurate  to  justify  a  careful  theoretical  look  at  various 
pressure  distributions. 


Figure  5.  Accuracy  of  predicting  turbulent  separation 
points  by  the  Cebeci-Smith  method. 

3.  CANONICAL  PRESSURE  DISTRIBUTIONS 

Normally  in  airfoil  and  flap  design  the  engineer  looks  at  a  pressure  distribution  as  a  whole.  Con¬ 
sequently  the  fundamental  character  of  the  flow  is  obscured  by  magnitude  of  Cp  values  together  with  the 
many  other  details  of  the  pressure  distribution.  But  we  know  from  basic  scaling  -nd  similarity  laws  that 
boundary-layer  results  are  the  same  for  two  pressure  distributions  if  they  ca  <  fr  m-’.de  congruent  by  proper 
scaling.  In  particular,  the  separation  points  will  be  the  same  exce,/  .or  weak  Reynolds  number  effects. 

A  1-inch  chord  airfoil  at  200  mph  will  have  very  high  velocity  grad-r.  .s  while  a  100-inch  chord  airfoil  of 
the  same  shape  at  2  mph  will  have  very  gentle  velocity  gradients.  v_t  the  flows  are  exactly  similar.  It 
is  the  dimensionless  shape  that  counts.  Hence  the  fundamentals  of  u  flow  involving  adverse  gradients  can 
be  described  by  a  canonical  system.  It  is  illustrated  in  Figure  6.  The  essential  feature  is  that  velocities 
are  normalized  by  dividing  everywhere  by  the  velocity  at  the  start  of  deceleration. 

Then  the  only  remaining  parameter  is  a  Reynolds  number.  Rg,  the  momentum  thickness  at  the  start  of  the 
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pressure  rise, is  a  very  convenient  one,  although  at  Rx  neasure  is  also  suitable.  In  the  systoc  of  Figure 
6  =  +  1  seans  that  all  the  original  velocity  head  at  *  =  0  has  teen  converted  to  pressure  head. 

If  two  pressure  distributions  can  be  nade  congruent  in  the  canonical  sense  an  airfc  l  having  a  deceleration 
of  (ue/uj2  fro*  10  to  5  is  no  wore  or  no  less  likely  to  separate  that  one  decelerating  fn*  (ue/uj2  of 
1.5  to  0.75,  or  even  fro*  0.10  to  0.05.  The  canonical  plot  is  the  one  that  is  *ean:ngful  to  boundary-layer 
analysis.  The  conventional  is  the  one  that  is  aeaningful  to  lift,  critical  Mach  m*ber,  etc. 


Figure  6.  Canonical  pressure  distributions.  The  left  hand  comer  might  represent  the  nose  of  an  airfoil. 
The  origin  of  x  is  at  the  beginning  of  pressure  rise.  The  pressure  distribution  can  be 
thought  of  as  that  of  the  upper  surface  of  an  airfoil.  Separation  might  occur  at  sone  point 
as  noted.  In  boundary  layer  analysis  x  is  properly  distance  along  a  surface,  although  on  most 
airfoils  peripheral  distance  differs  little  from  chordwise  distance.  Because  of  the  very  simple 
relation  between  pressure  coefficient  and  velocity  ratio,  the  nhrase  pressure  distribution  is 
applied  indiscriminately  to  either  pressure  coefficient  or  velocity  ratio  plots. 

3.1  Relation  of  canonical  pressure  distribution  to  the  conventional 

The  canon 'r  I  prfi.ure  distribution  is  easily  related  to  the  conventional  airfoil  pressure  distribu¬ 
tion,  where  the  reference  velocity  and  pressure  are  It  is  clearer  to  work  out  relations  in  of 

velocity  squared  rather  than  Cp.  The  primary  relation  is  very  simple.  It  is 

The  last  term  in  (1)  amounts  to  a  constant.  If  one  starts  with  a  canonical  pressure  distribution,  u0  or 
*Vua)  are  not  necessan17  known,  they  are  just  scaling  factors.  Equation  (1)  is  useful  for  calculating 
the  canonical  distribution  from  a  given  airfoil  distribution,  for  then  (ue/uj2  and  (uQ/u0)2  are  known. 
The  constant  (%/u.J2  has  a  definite  value  for  one  important  problem.  It  is  the  problem  of  applying  to 

an  airfoil  a  canonical  pressure  distribution  that  has  separation  located  somewhere  on  it  as  illustrated  in 
Figure  6.  Since  we  do  not  want  separation  to  occur  on  the  airfoil  this  separation  point  must  be  at  the 
trailing  edge.  Then  from  (1)  we  can  write 


Solve  for  (u „/u  )2  and  substitute  in  (1) 

0  co 


V  , 

[if 

>'sep 

nL, 

UJ 

VuJsep 


We  know  from  general  airfoil  theory  that  (ue/uffl}2  at  the  trailing  edge,  where  separa>.i  is  assumed  to  be 
just  avoided,  is  about  0.8,  corresponding  to  Cp  =  0.2.  Then  if  the  canonical  pressu.c  distrioution  separ¬ 
ates  at  (u  /u  )2  =  0.4  the  factor  is  0.8  *  0.4  =  2.0.  Equation  (2)  is  a  true  statement  no  matter  where 

separation  is  allowed  to  occur  on  the  airfoil.  However  in  practice  airfoils  are  not  delibe  ai.ely  designed 
co  have  separation.  Therefore  since  separation  is  common  in  canonical  distributions  as  wi 1 .  be  seen,  the 
assumption  that  the  corresponding  separation  point  on  the  airfoil  is  at  the  trailing  eJce  te  reasonable. 
Then  (2)  can  be  rewritten 

(Vf  (,)  .  ("e/“">  T.c.  (V)  (3) 

W  w  w;eo  W 

Equation  (3)  is  easily  written  in  terms  of  Cp.  Writing 
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have,  fro*  (3). 


‘  (if-  VT.E.  *  '-feL 

■ -fflf 


Cp(x)  =  1  - 


I'  -  y«>| 


Observe  fro*  (*!  that  if  (Cp)y  £  can  be  reduced  (velocity  increased)  Cp(x)  is  increased  linearly  all  over 
uie  airfoil  and  force  Cj_  undergoes  a  like  increase.  This  effect  trill  be  discussed  later  with  examples. 

3.2  Location  c*  separation  on  several  canonical  distributions 

Our  interest  is  mainly  the  analysis  of  several  families  of  pressure  distributions,  but  before  pre¬ 
senting  results  it  is  useful  to  discuss_liEiting  flows.  In  connection  with  development  of  his  separation 
criterion  Stratford  [5]  solved  for  the  Cp  distribution  tiiat  developed  incipient  separation  all  along  a 
region  of  pressur.-.  rise.  Hence  it  is  a  solution  for  the  fastest  possible  pressure  rise  and  so  has  consider¬ 
able  technical  interest.  In  [6]  Stratford  expt»-i  sen  tally  produced  one  of  these  flows.  Experiment  and 
theory  were  in  gocd  agreement. 

For  the  beginning  of  the  pressure  rise  his  solution  is 


C.  =  0.645  [  0.435  R‘' 
t-  I  o 


iftT-ir- 


T  <  n  •*  2 
^p  _  n  +1 


where  xQ  is  the  effective  length  of  turbulent  flat  plate  flow  ahead  of  the  beginning  of  pressure  recovery. 

R0  is  u  x0/4-  a.-d  x  is  distance  measured  from  the  start  of  the  entire  flow.  The  quantity  n  is  an  exponent 
whose  value  is  approximately  6.  The  equation  for  the  final  portion  of  the  flow  is 

Zp  "  1  '  (x7x"0  +  b7*72  S  2  n^T  (6) 

In  (6)  a  and  b  are  constants  that  permit  (6)  to  natch  values  and  slopes  with  (5)  at  Zp  =  (n  -  2)/(n  +1). 


Figure  7.  Stratford  limiting  flows  at  two  values  of  unit  Reynolds  number 

A  family  of  typical  velocity  distributions  is  presented  in  Fiqure  7.  All  flows  start  at  x  =  0  and 
pressure  recovery  starts  at  four  locations  as  shown.  Two  unit  Reynolds  numbers  are  considered.  The  small¬ 
est  x-Reynolds  number  corresponds  to  x  =  0.015625  feet  and  u  /v  =  10f  per  foot  or  15,625.  The  largest  is 
107.  The  constant  velocity  roof-top  portion  is  assumed  to  be°turbulent  throughout.  Stratford  presents  a 
method  for  calculating  an  effective  initial  length  up  to  Xg  when  the  initial  flow  is  partially  laminar 
and  of  variable  pressure.  Another  way  of  using  the  curves  is  just  to  match  values  of  P#  at  the  start  of 
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pressure  rise.  The  figure  includes  a  table  of  initial  values.  Matching  R0  is  just  as  sound  as  Matching 
xfi  values,  and  More  flexible  . 

Besides  the  general  character  of  the  curves  several  features  are  noteworthy. 

1.  The  initial  slope  dL/dx  is  infinite,  so  that  snail  pressure  rises  can  be  nade  in  very  short, 
to  zero  distances. 

2.  In  the  initial  stages  the  pressure  rise  varies  as  x^3. 

3.  The  dorinant  variable  is  x/xQ,  see  (5).  Hence  when  the  xq  distance  is  snail  and  the  t-oundary 

layer  is  thin,  pressure  recoveries  nay  be  rapid.  When  the  initial  run  is  long  and  the  boundary 
layer  is  thick,  the  allowable  average  pressure  gradient  is  nuch  lower.  Or  conversely,  thick 
boundary  layers  are  nuch  no  re  likely  to  separate  than  thin. 

4.  The  unit  Reynolds  ninfcer  effect  is  relatively  snail. 

5.  One  hundred  percent  of  the  oynanic  pressure  can  theoretically  be  recovered,  but  the  distarce 
required  is  infinite. 

6.  Aside  from  error  in  the  theory,  the  curves  of  Figure  7  are  the  shortest  possible  pressure  re¬ 
coveries  having  fully  attached  flow.  Nothing  better  can  be  done  except  by  B.L.C.  They  are 
the  "end  of  the  line'. 

Stratford's  flows  are  the  real  limits  for  rapid  pressure  recovery.  They  are  a  very  special  kind  of 

flow  and  provide  no  information  about  allowable  pressure  rises  for  other  flows,  or  about  the  effect  of  the 

shape  of  the  pressure  distribution  upon  the  amount  of  pressure  recovery.  Accordingly  two  families  of 
pressure  distributions  were  studied.  One  is  where  Zn  varies  as  xm  and  the  other  where  is  represented 
by  a  family  of  circles.  The  results  are  shown  in  Figures  8,  9,  10,  and  11.  In  all  these  figures  the  region 
of  pressure  rise  is  assigned  a  length  of  1  foot,  and  unlike  Figure  7  all  pressure  rises  start  at  the  same 
point.  Four  different  lengths  of  flat  plate  flow  are  studied  and  their  origins  are  noted.  To  illustrate 
the  use  of  the  charts  we  shall  go  through  an  example.  Assume  the  flow  had  an  effective  turbulent  rooftop 
run  of  0.25  feet  before  retardation  commences,  and  that  the  retardation  is  to  obey  the  equation  TTp  =  x2. 
Then  using  Figure  8  the  flow  begins  at  x  =-0.25,  passes  x  =  0  and  velocities  follow  the  m  =  2  curve  down¬ 
ward.  When  the  flow  reaches  the  line  marked  0.25  separation  occurs.  This  point  is  at  about  x  =  0.7  foot 
and  tp  =  0.5.  If  the  flow  had  started  at  x  =-1.0  foot  and  followed  the  same  Zp  =  x2  line  it  would  have 
separated  earlier,  at  the  line  marked  1.0.  For  convenience  feet  and  uq/v  were  used  as  parameters.  These 
together  form  Reynolds  numbers.  If  the  pressure  rise  portion  were  considered  to  represent  10  feet  instead 
of  1  foot,  it  is  equally  applicable,  if  Uq/v  is  divided  by  10,  because  then  Reynolds  numbers  are  unchanged. 
Or  viewed  another  way,  if  the  length  of  the  pressure  rise  is  called  i,  the  abcissa  on  the  cherts  repre¬ 
sents  x/z. 


The  shortest  flat  plate  run,  0.015625  feet  approximates  a  thin  airfoil  at  an  angle  of  attack.  For 
the  flat  plate  run  of  1.0  foot  the  steps  used  in  the  Cebeci-Snith  boundary  layer  method  are  noted 
at  the  bottom  of  Figure  8.  They  represent  about  average  spacing.  In  the  region  of  pressure  rise  the  steps 
are  0.05  foot.  By  examination  of  the  plots  it  is  seen  that  with  this  step  length,  for  m  <  1  the  average 
slope  d^p/dx  as  computed  by  finite  difference  formulas  is  relatively  moderate,  whereas  initially  it 
should  be  infinity.  This  difference  may  be  a  source  of  error  in  the  analysis,  however,  it  is  not  expected 
to  be  gr'at.  Boundary  layer  effects  would  tend  to  eliminate  any  infinite  gradient.  For  the  case  of  the 
0.0625  foot  run  the  calculations  just  aft  of  the  start  of  pressure  rise  begin  with  steps  equal  to  0.0025 
foot,  much  smaller  values. 

The  charts  represent  fully  turbulent  flow  along  flat  plates  of  the  lengths  noted.  The  x-length  as  a 
parameter  is  a  matter  of  convenience;  the  more  fundamental  parameter  is  R#  at  x  =  0.  If  R0  is  held  at 
a  fixed  value  corresponding  to  one  of  toe  flat  plate  runs  then  the  boundary  layer  calculations  still  apply 
closely,  no  matter  by  what  path  the  value  of  fy?  was  reached.  The  value  of  R#  might  come  from  an  ac¬ 
celerating  turbulent  flow  whose  velocity  distribution  was  like  that  sketched  in  Figure  6.  Or  it  might 
contain  a  good  deal  of  laminar  flow,  in  which  case  the  equivalent  plate  length  would  be  much  greater.  Tabu¬ 
lated  below  are  values  of  (R0)o  for  the  H  =  0  flows.  The  values  are  also  tabulated  on  the  figure  immed¬ 
iately  under  the  x-length  values. 


x0  Feet 

o 

II 

o 

ZD 

U0/v  = 

0.015625  (1/64) 

107 

518 

0.0625  (1/16) 

268 

1504 

0.25  (1/4) 

739 

4604 

1.0 

2224 

14442 

Table  I.  Values  of  R0  at  the  beginning  of  pressure  recovery, 
for  the  flows  of  Figures  8-11,  M  =  0. 

The  '•eparation  loci  are  crossplotted  on  the  Cp  curves.  A  slightly  concaye  pressure  distribution 
provides  not  only  the  greatest  recovery  but  also  in  much  shorter  distance.  This  fact  is  in  agreement  with 
Figure  7.  Also  in  agreement  with  Figures  7  is  the  fact  that  higher  unit  Reynolds  number  for  these  plots 
delays  separation.  It  is  interesting  that  in  both  Figures  8  and  9  separation  did  not  occur  instantly  for 
m  <  1/3,  see  the  figures.  In  fact  for  the  0.0625  case  at  u Js.  =  107  separation  did  not  occur  until  Cp= 
0.81.  Resolution  of  this  disagreement  with  Stratford’s  solution  is  a  problem  for  the  future. 

In  connection  with  the  design  r*  thin  airfoils  Loftin  [7]  proposed  the  --riterion  that  separation 
occurs  when  Cp  =  0.88.  This  line  is  noted  on  Figure  9.  For  a  thin  airfoil  with  some  laminar  flow  near 
the  nose  the  effective  flat  plate  run  could  easily  approximate  the  0.015625  value.  Then  for  some  (Tp 


Figure  8.  Separation  loci  for  a  family  of  canonical  pressure  distributions.  Point  spacing  used  in  the 
boundary  layer  calculations  for  the  one-foot  rooftop  run  is  noted.  The  dotted  curve  for  the 
one-foot  rooftop  run  is  the  separation  locus  for  1  -  (u./u)2  =  x*  when  M  =1.0.  Except  for 
fractional  values  of  m,  the  locus  is  nearly  the  sane  as  for  M  =  0.  Values  in  parentheses 
under  origins  of  flow  are  values  of  Rg  at  x  =  0.  uQ/v  =  106,  Ho  =  0. 
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Figure  9.  Separation  loci  for  a  family  of  canonical  pressure  distributions.  Loftin's  criterion 
Cp  =  0.88  is  noted.  uQ/v  =  107,  Mo  =  0. 
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Figure  10.  Separation  loci  for  a  family  of  canonical  pressure  distriDutions.  u  /v  =  106,  M  =  0. 
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Figure  8.  Separation  loci  for  a  family  of  canonical  pressure  distributions.  Point  spacing  used  in  the 
boundary  layer  calculations  for  the  one-foot  rooftop  run  is  noted.  The  dotted  curve  for  the 
one-foot  rooftop  run  is  the  separation  locus  for  1  -  (u  /u  )2  =  x*  when  K  =  1.9.  Except  for 
fractional  values  of  ■,  the  locus  is  nearly  the  sane  asefor  H  =  0.  Values  in  parentheses 
under  origins  of  flow  are  values  of  at  x  =  0.  u  /v  =  106,  H  =  0. 
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i  Figure  13.  Separation  loci  for  a  t'aaiiy  of  canonical  pressure  distributions.  uQ/v  =  10  ,  Hq  =  1.0. 
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Figure  14.  Separation  loci  for  a  family  of  canonical  pressure  distributions.  uQ/v  =  107,  Mq  =  1.0. 


(7) 


When  this  is  solved  for  (up/u0)2  the  ue/u0  gradients  are  noticeably  reduced.  In  fact  the  curve  for  m  =  1/3 
considerably  resembles  the  Stratford  curves,  Figure  7.  The  effect  is  roughly  indicated  by  the  {i^/u^2 
scales  spotted  beside  the  Cr  scales.  When  =  +  1,  (ue/u0)2  =  0.18  which  is  far  from  stagnation. 


The  alternate  treatment  is  to  specify  that  (ue/u0)2  =  1  -  xm,  independent  of  Hach  number.  One  case 
of  this  sort  was  studied  and  the  result  is  shown  on  Figure  8.  Very  little  effect  of  Hach  number  is  evident. 
Hence  the  answer  as  to  the  effect  of  Mach  number  depends  considerably  on  what  is  being  held  constant. 


3.3  Maximum  suction  lift  on  a  single  surface 

If  Stratford  limiting  pressure  distributions  like  those  of  Figure  7  are  considered  it  is  seen  that 
a  short  rooftop  allows  more  rapid  pressure  rise  as  well  as  a  longer  distance  for  it  to  occur  in.  A  long 
roof  top  for  a  given  chord  has  very  little  length  for  pressure  recovery.  Inviscid  flow  constraints  specify 
that  the  dumping  velocity  be  nearly  the  same  regardless  of  pressure  distribution.  If  held  exactly  the 
same  then  it  is  clear  that  one  of  these  Stratford  families  contains  the  maximum  area.  Being  the  limiting 
flow  it  crudely  represents  the  maximum  possible  lift  on  the  upper  surface  of  a  one  piece  airfoil.  Figure 
15  shews  a  family  of  such  curves  constructed  for  a  total  chord  Reynolds  number  ufflc/u  of  5  x  106.  In 
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Figure  15  the  flow  Is  completely  turbulent  just  as  in 
Figure  7.  If  the  rooftop  flow  were  laminar  a  much 
longer  rooftop  run  could  be  had  for  equal  momentum 
thickness  at  the  start  of  pressure  recovery.  This 
faaily  is  shown  in  Figure  16.  For  these  simplified 
situations  the  best  possible  high  lift  distribution 
for  fully  attached  flow  is  indicated  and  the  best 
possible  lift  coefficients  for  turbulent  and  laminar 
rcoftop  flows  are  about  1.0  and  2.0  respectively. 

The  great  advantage  of  extensive  laminar  flow  is 
clearly  exhibited;  the  suction  lift  is  more  than 
do  billed.  Ir.  calculating  the  ct[t  values  of  Figures  c 
?5  and  16  Cp^was  assumed  to  be  zero. 

These  concepts  have  been  applied  by  R.  H. 

Liebeck  [8]  [9]  to  complete  airfoils  where  many  more 
considerations  and  constraints  enter.  Furthermore 
the  application  has  been  done  in  terms  of  surface 
distance  and  circulation  instead  of  projections  on  a 
chord  plane.  Figure  17  shows  one  of  the  shapes  de¬ 
signed  with  a  laminar  rooftop  to  operate  at  Rc  = 

5  x  10f.  The  lift  is  quite  high  and  the  drag  very 
low.  Wind  tunnel  tests  verify  this  theory  very  well. 


*/  <Cp-Cp„>dx 


,  C^u  •  I.OO*  MAX. 


c-'u*/(ce'cP-)dx 
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Cp,  -0.2 


C if  -2.03*  MAX 


Figure  15.  Suction  side  pressure  distributions  using 
Stratford  pressure  recovery  to  Cp  -  0.20 
at  trailing  edge.  Turbulent  rooftop, 


Rc  =  5  x  10E. 


Cp)(,-0  2 


figure  !6.  Suction  side  pressure  distributions  using 
Stratford  pressure  recovery  to  Cp  =  0.20 
at  trailing  edge.  Laminar  rooftop, 

R(-  -  5  x  106. 


TRANSITION 
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C,  =2  31 
Cd  =0.0055 
Cdu=0  0053 
Cdi  =0.0002 


3.4  Off-the-surface  pressure  recovery. 


At  times  the  boundary  layer  may  undergo  pres¬ 
sure  rise  in  a  different  fashion.  Its  final  decel¬ 
eration  is  in  the  form  of  a  wake,  away  from  the  sur¬ 
face.  The  wake  is  shed  from  an  upstream  element, 
for  example  a  slat.  Figure  18  shows  calculated 
streamlines  for  a  high  lift  configuration.  On  tne 
top  side  flow  leaves  a  forward  element  and  streams 
past  the  following  surfaces  at  a  slight  distance  off 
the  surface.  The  flow  leaving  each  surface  is  boun¬ 
dary  layer  and  hence  it  forms  a  wake.  If  a  forward 
surface,  say  a  slot,  is  sufficiently  far  out,  the 


Figure  17.  An  optimized  high  1  ft  a  rfoil  that  uses 
a  Stratford  pressure  recovery.  Values 
noted  are  tneoretical.  S  is  peripheral 
distance,  measured  from  the  trailing  edge. 
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Figure  18.  Calculated  streamline  flow  field  for  airfoil  with  leading 
edge  slat  and  double  slotted  flap 


wake  Is  entirely  in  the  main  stream,  separated  by  a  region  of  inviscid  flow.  If  closer  in,  the  wake  and 
boundary  layer  of  the  main  airfoil  may  merge,  giving  what  is  called  a  confluent  boundary  layer.  These 
wakes  flow  Into  a  region  of  higher  pressure.  For  example  in  Figure  33  the  final  Cp  for  the  slot  is 
about  -  1.4.  The  final  Cp  at  the  flap  trailing  edge  Is  about  +0.35.  Since  the  slot  wake  Is  never  very 
far  from  the  surface  It  is  reasonable  to  assume  It  too  must  undergo  this  pressure  rise.  Can  it  make  It? 

At  times  flow  reversal  can  occur  off  the  surface.  The  possibility  is  easily  demonstrated  by  considering 


Figure  19.  Flow  of  a  wake  into  a  pressure  rise 


Bernoui Ill’s  equation.  Consider  the  situation  illustrated  in  Figure  19.  Assume  (correctly)  that  pressures 
are  impressed  by  the  inviscld  flow.  Bemouilli's  equation  applies  exactly  in  the  inviscid  flow.  Assume 
it  applies  too  in  the  wake  along  streamlines.  In  the  wake  consider  a  streamline  having  the  initial  velo¬ 
city  Uq.  It  could  be  any  streamline, but  our  attention  shall  be  given  to  the  one  having  the  minimum  velo¬ 
city.  Write  Bemouilli's  equations  for  the  two  stations,  remembering  that  pressures  within  the  wake  are 
the  same  as  those  outside.  Then 


Solve  for  U*  and  u^ 
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If  (u0/U0)2  were  1/2  eq. (11 )  shows  that  (u^/U^)2  reaches  zero  whenl^  reaches  0.5,  so  that  the  velocity 

defect  ratio  becomes  magnified.  Hence  the  possibility  of  separation  in  the  stream  entirely  away  from  the 
wall  is  demonstrated.  Here  viscosity  helps  because  it  tends  to  assist  the  slowest  parts  of  the  flow. 


Newman  [10]  has  considered  this  problem  at  some  length,  with  viscosity  effects  included.  Gartshore 
[11]  extends  it  and  attempts  to  apply  it  to  a  problem  closely  related  to  ours.  He  has  derived  a  test  for 
whether  the  depression  in  a  wake  fades  away  or  grows.  It  is,  in  our  notation 
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where  8*  is  the  displacement  thickness  at  the  beginning  of  pressure  rise.  When  the  left  hand  side  of 
(12)  exceeds  0.007/8*  a  velocity  defect  will  magnify.  Information  on  this  problem  is  scarce,  and  the 
theory  is  not  very  well  developed  and  proven.  Therefore  Gartshore  feels  justified  in  representing  the 
derivative  by  a  simple  finite  difference  relation.  He  writes  a  quantity  C  that  measures  the  magnitude 
of  the  inequality  in  terms  of  values  at  Stations  0  and  1,  Figure  19.  We  write  it  in  both  conventional 
and  canonical  Cn  form.  In  canonical  form  Fn  at  station  0  is  zero. 
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The  test  is  illustrated  by  applying  it  to  the  pressure  distributions  of  Figure  9,  with  u  /v  =  107 
as  in  that  figure.  It  is  assumed  that  a  flat  plate  of  lengths  1,  0.25  and  0.0625  feet  discharges  both  its 
boundary  layers  into  the  pressure  gradients  of  Figure  9.  The  trailing  edge  is  at  x  =  0,  so  that  the  phy¬ 
sical  setup  is  quite  similar  to  that  of  Figure  9.  Equation  (12)  shall  be  applied.  The  thickness  8*  is 
conveniently  represented  by  the  1/7  power  formula  with  sufficient  accuracy 
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When  twice  this  value,  to  account  for  both  boundary  layers,  is 


inserted  into  (12)  we  obtain 


Figure  20.  Evaluation  of  equation  (15)  for  the 
decelerating  flows  of  Figjre  9. 

UQ/v  =  107 
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where  z  is  the  length  of  the  flat  plate  and  R^  = 
u  z 

— —  .  Figure  20  shows  plots  of  both  sides  of  (15) 

for  some  of  the  flows  of  Figure  9.  When  the  Fp 
function  passes  above  the  horizontal  lines  the  wake 
depression  supposedly  magnifies. 


For  fractional  exponents  the  flows  start  out 
unstable,  if  the  criterion  is  to  be  believed.  Then 
for  a  period  the  flows  may  be  stable,  but  finally 
they  always  become  unstable.  The  linear  distribution 
(in  =  1)  starts  out  with  a  finite  value,  while  with 
m  >1  the  Up  function  always  begins  at  zero.  Ulti¬ 
mately  curves  for  any  m  merge  and  reach  infinity 
at  x  =  1.0,  the  stagnation  point.  Referring  to  (13), 
this  eauaticn  could  easily  miss  the  infinity  occuring 
near  x  =  0  for  fractional  exponents,  because  of  the 
finite  nature  of  the  derivatives. 


Figure  20  shows  a  strong  effect  of  boundary  layer 
thickness  as  measured  by  the  three  lengths  of  flat 
plate.  The  levels  of  these  horizontal  lines  would 
lower  as  the  unit  Reynolds  number  is  reduced,  in  fact 
by  the  1/5  power.  For  the  run  of  length  1  foot  the 
m  =  1/3  flow  is  always  unstable,  but  the  two  others 
begin  stably.  Hence,  if  to  be  believed,  a  wake  may 
be  more  prone  to  trouble  for  the  m  =  1/3  flow  than  a 
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boundary  layer.  However  for  thinner  wakes,  as  for  the  0.25  foot  plate  which  is  more  the  character¬ 
istic  length  for  a  slot,  difficulties  are  not  encountered  until  x  -  0.8,  neglecting  the  very  short  region 
near  x  =  0  for  m  =  1/3.  Upon  examining  Figure  9,  for  t  =  0.25  foot  it  is  found  separation  occurs 
first,  so  that  wake  type  instability  is  not  critical.  Even  more  margin  occurs  for  the  t  =  0.0625  foot 
flow. 

Gartshore  cites  experimental  evidence  that  confirms  his  deductions.  It  was  obtained  by  examining 
flow  over  deflected  plain  flaps.  Without  doubt  the  effect  can  and  has  occurred  -  separation  off  the  sur¬ 
face.  But  very  little  has  been  done  on  this  problem  so  that  validity  of  relation  (12)  is  in  question.  Es¬ 
pecially  in  question  are  some  of  the  derived  consequences,  such  as  the  Initial  instability  for  some  frac¬ 
tional  values  of  m,  e.g.,  m  =  1/3,  1/2,  but  which  do  not  separate  as  boundary  layers.  The  principal 
purpose  in  presenting  example  applications  is  to,  get  the  concept  Into  the  open,  and  at  least  exhibit  in  a 
qualitative  way  the  effect  and  the  interaction  between  wake  thickness  and  pressure  gradient. 

In  practical  applications  with  their  lack  of  infinite  adverse  gradients  through  which  a  wake  must 
flow,  this  wake  instability  problem  should  rSraly  ue  critical,  meaning  that  wakes  can  endure  pressure 
rises  that  boundary  layers  cannot  endure.  What  a  multi-element  airfoil  does  then,  in  effect  is  to  use  two 
methods  of  pressure  recovery,  the  conventional,  i.e.  on-the-surface  pressure  recovery  plus  -  off-the-surface 
pressure  recovery.  On  a  slatted  airfoil  for  Instance  the  history  of  the  flow  is:  -air  flows  over  the  slat, 
reaches  a  peak  velocity  and  then  decelerates  in  contact  with  the  surface.  It  leaves  the  surface  and  con¬ 
tinues  to  decelerate  until  trailing  edge  pressures  are  reached,  after  which  it  gradually  accelerates  back 
to  free  stream  conditions.  By  this  off-the-surface  deceleration,  recovery  from  very  high  negative  Cp 
values  can  be  made  in  much  shorter  distance  than  car.  be  done  when  all  the  deceleration  is  in  contact  with 
a  surface. 

Lockheed  [12]  has  developed  a  very  general  method  for  analyzing  flows  when  the  wakes  and  boundary 
layers  merge.  Because  of  the  complicated  nature  of  the  flow  bold  simplifications  had  to  be  made,  and  it 
too  suffers  from  the  lack  of  detailed  experimental  data  to  guide  or  verify  the  analysis. 

PART  II.  DEMANDS  ON  THE  BOUNDARY  LAYER  AND  THEIR  CONTROL 


4.  SINGLE  ELEMENT  AIRFOILS 

This  subject  has  been  rather  automatically  covered  by  the  material  in  Part  I.  The  canonical  pressure 
distributions  show  general  limits  to  the  pressure  rises  and  the  set  of  charts  can  be  used  for  eyeball 
checks  prior  to  careful  examination  of  more  nearly  final  designs  by  detailed  boundary  layer  calculations. 

If  a  boundary  layer  is  overloaded,  separation  will  occur.  Then  some  change  must  be  made  in  a  design  if  it 
Is  to  be  prevented.  On  a  one-piece  airfoil  there  are  a  number  of  means,  -  changed  leading  edge  radius,  a 
flap,  or  changed  camber  near  the  trailing  edge,  a  nose  flap,  or  a  change  in  type  of  pressure  distribution. 

A  pressure  rise  may  be  changed  from  convex  to  concave,  in  the  direction  of  Stratford's  type.  Use  of  can¬ 
onical  pressure  distributions  for  preliminary  scanning 
~‘J'°  [  is  useful.  Figure  21  shows  a  conventional  pressure 

distribution.  Where  is  separation  most  imminent?, 

-l-8  '  near  the  front  on  top?,  near  the  rear  on  top?,  or  on 

b  the  bottom?  Figure  22  is  the  canonical  form  of  Figure 

-1.6  1  21.  Upon  comparison  with  the  curves  of  Figures  8  and 

l  9  it  would  appear  that  the  nose  is  far  from  separation. 

-1.4  1  o  TEST  0ATA  The  rear  upper  surface  is  marginal,  but  only  behind 

b  _  theory  about  97  percent  chord.  The  lower  surface  retards  to 

_i.2  1  Tn  of  about  0.5  in  a  rather  short  distance.  Figures 
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Figure  21.  A  pressure  distribution  for  a  typical  aft- 
loaded  airfoil.  Pressure  distribution 
is  corrected  for  boundary- layer  effects. 
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Figure  22.  The  pressure  distribution  of 
Figure  21  in  canonical  form. 
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8  and  9  indicate  V9  of  about  0.6  could  be  reached  in  this  distance.  Hence  there  is  soae  mrgin:but  not 
■uch.  Provided  other  constraints  allow  it,  the  faintly  S-shaped  pressure  distribution  aft  of  50  percent 
chord  on  trie  bottoa  could  have  been  improved  by  replacing  it  with  one  that  is.  concave  all  the  way.  In 
problems  and  approaches  like  this  the  advantages  of  an  inverse  airfoil  method  are  evident:  that  is, 
given  a  pressure  distribution,  find  the  shape. 

An  interesting  problem  relating  to  separation  and  the  apst  rapid  possible  pressure  rise  is: 

"Hhat  is  the  thickest  possible  stilt  that  can  be  made  that  lias  no  separation  on  it,  and  what  is  its 
shape?"  This  problem  is  being  worked  on  using  Stratford's  pressure  recovery  distribution  and  inverse 
airfoil  methods. 


Figure  23.  Preliminary  fprm  of  a  very  thick  strut  that  uses  a  Stratford  pressure 
recovery.  Rc  =  5  x  106.  Accelerating  flow  is  laminar. 

Final  answers  have  not  been  found,  but  one  trial  is  shown  in  Figure  .23.  This  shape  is  about  46  percent 
thick.  Possibly  50  percent  can  be  reached.  1 

5.  MULTI-CLEMENT  AIRFOILS 

1 

There  seems  to  be  a  great  deal  of  ignorance  and  confusion  about  the  effect  of  properly  designed  gaps 
inherent  in  multi-element  airfoil  systems.  The  writer  has  heard  the  question,  "Shouldn't  the  best  single 
element  airfoil  always  have  a  higher  lift  than  a  multi -element?  The  multi-element  has  a  numbe-  of  leaks 
that  amount  to  short  circuiting".  Abbott  and  von  Doenhoff  [13]  merely  make  the  comment,  "Slots  to  permit 
the  passage  of  high  energy  air  from  the  lower  surface  to  control  the  boundary  layei  on  the  upper  surface, 
are  common  features  of  many  high  lift  devices." .  This  statement  rather  implies  that  the  effect  of  slots 
is  thought  of  as  a  sort  of  blowing  boundary  layer  control.  It  really  is  not  because  all  the  inviscid 
flow  has  the  same  total  head.  Perkins  and  Hage  [14]  make  the  harmless  and  non- informative  statement, 

"The  air  flowing  through  the  slot  in  Figure  2-49  is  accelerated  and  moves  toward  the  rear  of  the  airfoil 
section  before  slowing  down  and  separating  from  the  surface".  Lindfield  in'Lachmann  [15]  has  a  brief 
article  on  the  slot  effect.  The  essential  features  were  studies  by  Lachmann  in  1922  by  considering  ai 
Joukowski  airfoil,  but  his  .theoretical  studies  seem  to  have  gradually  been  forgotten.  Furthermore,  he 
considered  only  half  the  problem.  Lindf ield’s  article  is  correct  as  far  as  it  goes  but  is  not  very 
factual.  He  points  out  the  need  for  better  analytical  methods  before  the  slot  effect  can  be  well  analyzed. 
A  very  recent  remark  is  the  following  taken  from  a  NASA  report  [12]:  "It  is  well  recognized  that  the 
usual  function  of  the  slot  is  that  of  a  boundary) layer  control  device  permitting  highly  adverse  upper 
surface  pressure  gradients  to  be  sustained  without  incurring  severe  separation.  This  stabilizing  in¬ 
fluence  results  from  the  injection  of  the  high  energy  slot  flow  into  the  upper  surface  boundary  layer." 

It  should  be  clear  that  there  is  room  for  further  work.  Furthermore,  there  is  not  really  any  boundary 
layer  control  at  all,  as  will  be  shown. 

i 

There  are  five  primary  effects  of  gaps,  and  here  we  speak  of  properly  designed  aerodynamic  slots. 

i 

1.  Slat  Effect 

J 

The  circulation  on  a  forward  element  (e.g.,  a  slat)  runs  counter  to  the  circulation  on  the 
downstream  element  and  reduces  negative  pressure  peaks  on  the  downstream  element. 

2.  Circulation  Effect 

In  turn  the  downstream  element  places  the  trailing  edge  of  the  adjacent  upstream  element  in  a 
region  of  high  velocity  that  is  inclined  to  the  mean  camber  line  at  the  rear  of  this  forward 
element.  This  flow  inclination  induces  appreciably  greater  circulation  on  the  forward  element. 

3.  Dumping  Effect 

Because  the  trailing  edge  of  a  forward  element  is  m  a  region  of  appreciably  higher  velocity, 
the  boundary  layer  flow  "dumps"  at  higher  velocity.  This  higher  discharge  velocity 
relieves  the  pressure  rise  impressed  on  the  boundary  layer,  so  alleviating  separation  problems. 
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4.  Cff-The-Surface  Pressure  Recovery 

The  boundary  layer  frm  forward  el  meats  is  dnped  at  velocities  appreciably  higher  than  free 
strean.  The  final  deceleration  to  free  strean  velocity  is  done  in  an  efficient  nay.  The 
deceleration  of  the  take  occurs  out  of  contact  with  a  tall.  This  is  usually  nore  effective 
than  the  best  possible  deceleration  in  contact  with  a  wall. 

5.  Fresh  Boundary  Layer  Effect 

=  Each  new  elenent  starts  out  with  a  fresh  boundary  layer  at  its  leading  edge.  Thin  boundary 
layers  can  withstand  stronger  adverse  pressure  gradients  than  thick  ones. 

These  effects  will  now  be  explained  and  discussed  in  turn  at  sone  length-  Laninar  bubbles,  nerging 
boundary  layers- and  the  like  nay  conplicate  the  case,  but  when  Reynolds  nunbers  are  high  and  at  design 
conditions  such  side  effects  should  not  be  important.  Therefore,  only  conventional  boundary  layer  effects 
are  considered. 


Figure  24.  Velocity  distributions  on  an  airfoil  with  and  without  a  vortex  located  as  shown. 

S  is  the  arc  length  abound  the  airfoil  surface  beginning  at  the  trailing  edge, 
measured  in  a  clockwise  direction.  Total  perimeter  is  unity. 

5.1  The  Slat  Effect 


Figure  24  illustrates  this  effect.  A  slat  that  is  lifting  has  circulation  in  tlie  direction  sketched, 
see  upper  part  of  figure.  Approximately,  then,  the  slot  may  be  simulated  by  a  vortex.  It  is  evident 
from  the  sketch  that  rhe  velocities  induced  on  the  airfoil  run  counter  to  those  near  the  nose  of  the 
airfoil,  especially  at  high  angle  of  attack.  Therefore  pressure  peaks  should  be  reduced.  Liebeck  and 
Smyth  [16]  have  recently  studied  this  effect  using  a  special  generalized  Joukowski  airfoil  program  with 
computer  graphics.  Figure  24  is  an  example  of  the  work.  In  the  method  the  vortex  could  be  moved  around 
at  will.  The  best  location  was  typical  of  that  for  a  best  real  slat  location.  The  "best"  location  is 
not  a  precise  statement;  it  is  the  location  where  the  suction  peak  was  largely  eliminated  and  the  re¬ 
sulting  pressure  distribution  was  regular.  At  a  =15°  the  plain  airfoil  developed  a  very  strong  suction 
peak  as  seen.  As  noted  at  the  bottom  of  the  Figure  c4  for  the  airfoil  alone  is  2.37.  With  a  vortex 
located  as  shown  (its  strength  is  not  noted)  the  pressure  peak  was  eliminated,  the  airfoil  ct  fell  to 
1.88  but  the  total  lift  including  the  vortex  increased  to  2.47.  Flow  near  the  rear  of  the  airfoil  was 
almost  unaffected.  This,  then,  is  the  slat  effect.  The  peak  nose  velocity  ratio  wa;  reduced  from  about 
4.4  to  under  2.  Obviously  the  boundary  layer  is  much  better  able  to  negotiate  the  modified  distribution. 
Note  that  with  vortex  operating  the»-e  is  only  a  very  small  increase  in  total  lift.  This  fact  is  consis¬ 
tent  with  wind  tunnel  observations.  With  slat  extended  the  main  effect  is  to  delay  the  angle  of  stall, 
not  to  shift  the  angle  of  zero  lift. 

There  is  an  interesting  and  more  physical  way  of  considering  and  explaining  the  slat  effect:  con¬ 
sider  Figure  24.  When  the  airfoil  is  at  an  angle  of  attack,  flow  whips  around  the  nose,  which  has  a 
small  radius.  High  centrifugal  forces  on  the  flow  are  developed.  Without  auxiliary  help,  high  negative 
pressures  around  the  nose  are  needed  to  balance  out  the  centrifuge.,  force  and  bring  the  flow  around  the 
sharp  turn  of  the  nose.  But  in  Figure  24  the  vortex  is  a  turning  aid,  and  a  true  slat  also  would  be  one. 
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There  shnld  be  a  close  correlation  betee*  the  Mat  of  loao  take*  by  the  slat  aatf  the  iwny  C. 
reduction  over  the  noif.  This  problem  mM  be  a  good  ooe  for  farther  stwdy.  The  writer  looked 
at  Figure  24,  aad  crudely  oade  the  fbllowicg  estimates.  Area  nodal ated  -  10  percent  chord,  aet*  Cp 
of  airfoil  alone  for  this  regiae  -  -8.  Mem  Cp  for  sane  region  with  vortex  present  *  -2.  Set  Cp 
change  >6.  Thee  the  approximate  force  on  vortex  *c  -  6  x  0,10  *  0.6.  The  difference  between 
c  t  and  c,  is  jast  the  lift  on  the  vortex.  According  to  the  awdiers  *£  the  bottom  of 

Figore  24,  c .  =  0.6  is  indeed  the  load  carried  by  the  vortex.  This  analysis  probably  cannot  be  oade 
quantitative,  but  it  does  add  to  the  onderstanding  of  the  flow  processes.  In  the  above  analysis  the 
force  exerted  tgr  the  vortex  is  not  just  vertical.  It  has  a  drag  coapoeext  too.  According  to  Figure  24 
its  value  is  -0.3683,  a  negative  force  which  causes  slats  to  extend  aotanatically.  A  more  careful 
estimate  would  consider  this  coxponent. 

The  slat  effect  on  real  airfoils  is  exhibited  by  Figures  31  and  32.  Figure  31  shows  three  airfoils 
together,  all  at  the  sane  angle  of  attack.  The  pressure  distribution  of  the  basic  isolated  airfoil  is 
shewn  by  the  dashed  line.  Observe  the  extrene  rounding  of  the  peaks  that  has  occurred  on  the  two  rear 
airfoils.  This  rounding  is  not  due  solely  to  the  circulation  as  in  Figure  24.  Part  of  the  effect  is 
due  to  thickness.  Because  the  flow  on  the  two  sides  of  the  front  airfoil  is  merging  at  the  trailing 
edge  the  flow  is  retarded,  and  the  nose  of  the  following  airfoil  is  in  this  retarded  field.  Aeother 
method  of  considering  the  interference  effect  is  to  consider  surface  source,  sink  singularities  that 
can  define  the  airfoil  as  in  the  Douglas  Neumann  program.  At  the  rear  of  the  airfoil  they  are  sinks, 
and  hence  locally  add  velocity  perturbations  that  are  counter  to  the  main  flew  field. 

Figure  32  shows  the  effect  still  further.  The  peak  velocities  on  the  rain  airfoil  have  been 
reduced  dramatically  by  the  slat.  Later  in  Section  5.3  it  will  be  shown  that  the  high  velocities  on 
the  slat  itself  can  be  tolerated. 

5.2  The  Circulation  Effect 

The  slat  effect  has  been  recoxyiized  before,  in  fact  clearly  as  far  back  as  1922  by  Latincaiwi  [15]. 
But  the  circulation  effect  does  not  seem  to  be  explicitly  recognized.  Figure  25  shows  the  effect  in 


a=l5°  Cj  TOTAL  =  3.4937 

Cj  OF  ISOLATED  Cj  AIRFOIL  =  3.3631 

AIRFOIL  =  2.5937  Cd  AIRFOIL  =  -0.0763 


Fi  ure  25.  A  poi.it  vortex  used  to  simulate  a  slotted  flap.  Vortex  increases  c  of 
airfoil  at  a  =15°  from  2.59  to  3.36. 

its  simplest  lorm.  It  comes  from  the  same  computer  graphic  setup  as  used  for  Figure  24.  Here  the  vortex 
is  located  directly  below  the  trailing  edge  as  sketched.  If  it  represents  a  slotted  flap  the  sign  of  the 
vortex  circulation  will  be  as  noted.  This  flow  effectively  places  the  trailing  edge  at  a  high  angle  of 
attack,  and  if  the  Kutta  condition  is  still  met  the  circulation  must  increase.  The  effect  is  very  little 
different  from  deflecting  a  small  plain  flap  on  the  isolated  airfoil.  In  that  case  the  onset  flow  would 
be  approaching  the  rear  of  the  airfoil  at  a  considerable  angle.  But  in  the  case  of  Figure  25  we  did  not 
turn  the  trailing  edge;  ’’nstead  we  used  a  device  to  turn  the  flow.  Figure  25  shows  a  slightly  different 
airfoil  from  that  of  Figure  24,  but  again  at  the  same  angle  ol  3ttack.  The  vortex  has  a  drastic  effect 
on  circulation,  increasing  c  from  2.59  to  3.49.  Also  notice  that  the  final  upper  surface  velocity  is 


increased  cwMenkljr  orar  mIks  for  tfee  isolated  airfoil.  Because  of  Ike  iNitioal  velocity  caased 
by  adding  tie  vortex  to  tfee  jewral  tnatlt^wl  floe,  tfee  airfoil  fisdtrje  towfer/  layer  at  tfee 
trailing  edge  into  a  strew  tot  is  locally  ef  higher  velocity.  This  is  tfee  "togiq  effect"  ahoot 
ihidi  acre  will  be  saia  later. 


Fig-ire  26.  Airfoil  -  circular  cylinder  combinations  studied  to  learn  effect  of  obstruction 
on  circulation. 

Any  oethod  that  causes  the  onset  flow  to  be  at  greater  angle  of  attack  near  the  trailing  edge  will 
increase  the  circulation.  An  obstruction  properly  placed  can  be  a  powerful  control  of  the  circulation. 
Figure  26  shows  a  systea  studied.  Two  circular  cylinders  of  different  diaaeters  are  centered  on  a  ray 
frou  the  trailing  edge  as  shown.  The  gap  is  0.1  chord.  The  angle  of  the  ray,  0  ,  was  varied  fro*  0® 
to  90°.  The  lift  on  the  airfoil  and  on  the  combination  was  calculated.  For  the  case  where  the  cylinders 


Figure  27.  c£  vs.  a  curves  for  airfoil-cylinder 
combinations,  showing  strong  effects  on 

circulation.  Figure  28.  Airfoil  -  circular  cylinder  combinations. 

0  of  cylinder{  cf  Fig.  26)  =  0°  Effect  of  a  ,  6  and  diameter  on  lift 

coefficients. 
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m  an  tfle  dtasrtf  line  19  *  S’),  fijare  27  stas  sane  res* Its.  Sf^rifioal  imsnsse  is  lift  *re  indKaWI. 
Bswerer,  tails  jewelry  Is  far  from  bees;  tfte  nest  fntnble.  injure  2®  shows  the  effects  mere  owlfttij 
and  els®  Inflates  the  asst  favanfele  pesitiat  as  neasaref  by#,  wfcii*  test?  is  the  sbetssa.  Instead  sf  a. 
TO*  nest  effective  position  for  the  cylinder  is  seen  to  be  abort  #  *  «S*  or  1©*.  Jte  IS*  angle  of  attach 
the  lift  coefficient  for  the  isolated  \irfoil  is  ct  -  1.75.  Kith  the  0.50c  circular  cylinder  set  at 
#  =  60*.  Cj  -  3.55,  nearly  dsohle.  Bence  the  effect  is  very  great.  Figtare  26  is  draMt  with  #  *  ST. 

It  appears  that  this  nest  effective  position  is  similar  to  the  position  feared  nest  effective  for  airfoil- 
slotted  flap  and  slat  canhi nations. 


Figure  29.  Pressure  distributions  at  ct  -  1.5  for  airfoil-cylinder  combinations.  9  -  60' 

Fig«jre  29  shows  pressure  distrioutions  for  the  cases  #  *  60*  ,  and  with  Cj  held  constant  at  1.5. 

The  corresponding  a  values  are  noted  in  tne  figure.  Peak  values  of  velocity  at  the  nose  are  consider¬ 
ably  reduced  by  the  cylinder.  If  the  pressures  were  plotted  in  canonical  fora  the  ones  with  the  cylinder 
would  appear  considerably  core  favorable.  Velocities  at  0.975c  are  noticeably  increased  by  the  cylinders. 

T*-s  fo.Taila  for  verity  on  the  su’-face  of  an  isolated  circular  cylinder  is  q/u=  =  2  sin  P  ,  where 
P  is  ".ole  fraa  the  nose.  ti~J  ’.he  component  of  flow  that  is  normal  to  the  airfoil  nultiply  by 
cos p  so  »:.*t  (q/u=  )n0IT=ai  =  si"  ?P  ■  fhe  eaximua  of  this  value  occurs  at  less  than  0  =  60°  but  is 

close  enough  to  indicate  that  a  qualitative  understanding  of  the  effect  of  an  obstacle  on  circulation 
can  be  gained  by  considering  the  crossflow  induced  at  the  trailing  edge. 

Another  aid  in  thinking  about  this  problem  of  affecting  the  circulation  is  to  consider  the  rear 
stagnation  point  in  non-lifting  flow.  Without  the  circulation  component  of  the  couplet?  solution,  for 
combinations  such  as  that  of  Figure  26,  the  rear  stagnation  point  will  be  on  the  upper  surface  some  dis¬ 
tance  ahead  of  the  trailing  edge.  The  further  it  is  moved  forward  by  any  means,  the  greater  the  circu¬ 
lation  required  to  move  it  to  the  trailing  edge.  These  two  guidelines  -  crossflow  sfength  and  non¬ 
lifting  stagnation  point  location  are  the  best  that  can  be  proposed  as  a  means  for  understanding  and 
designing  to  maximize  circulation.  There  are  too  many  interactions  to  really  isolate  factors.  For¬ 
tunately,  accurate  multi-element  airfoil  analysis  methods  ore  available,  toge'her  with  i-ych  experience. 
But  perhaps  factors  such  as  discussed  here  will  help  ir.  endeavors  to  improve  design. 

The  reason  augmented  circulation  is  desirable  needs  discussion.  In  numerical  airfoi!  methods 
of  the  Douglas-Neumann  type  the  complete  solution  ’s  a  linear  compination  of  three  fundamental 
solutions  which  are  shown  in  Figure  30.  Because  of  the  small  radius  of  the  leading  edge,  local 
velocity  ratios  in  this  region  3re  very  high  indeed  for  both  the  90'  and  circulation  solutions. 

A  positive  lifting  circulation  is  shewn  it  Figure  30.  It  is  clear  that  its  disturbance  velocities 
add  to  those  of  the  90°  solution  for  positive  angles  of  attack.  For  an  ordinary  airfoil,  developing 
more  lift  requires  increasing  the  angle  of  attack.  But  in  the  process  more  of  the  90'  solution 
enters  into  the  sunnation.  itow  ’f  the  airfoil  nose  can  be  kept  at  low  angle  of  attack,  a  gain  will 
be  made  if  circulation  can  be  produced  by  some  means  other  than  pitching.  A  plain  flap  does  this 
effectively,  because  wnen  deflected  a  considerable  cross  flow  component  of  the  onset  velocity  exists 
<.t  the  trailing  edge.  The  vortex  or  ar.  obstacle  near  the  trailing  edge  has  the  sane  effect.  To 
avnid  nose  peaks  the  nose  should  be  at  a  slight  negative  angle  in  any  real  design  so  that  the 
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O*  SOLUTION 


CIRCULATION  SOLUTION 


90*  SOLUTION 


Figure  23.  Tfce  l&ree  ftmUawcatal  solotises  cssed  Ter  alcslitiag 
flew  tot  2  lifting  airfoil  at  aagle  of  attack. 

circslatica  and  SCI’'  solatia**  cfpcse  each  other  asd  cased  cot,  or  more  properly,  the  saw  of  the  three 
solstices  essentially  cancels  cot.  Io  short,  csesifeioj  the  separaMoa  problem,  high  lift  is  best 
obtained  by  keeping  the  nose  angle  of  attack  1cm,  asd  imfeacisg  circslatica  by  cans  other  thus  pitching. 


Figure  31.  Pressure  distribution  on  three-element  airfoil  formed  from  three  NACA  032*615 
sections,  arranged  as  shown.  All  are  at  the  sane  angle  of  attack,  10°. 

Shown  also  is  the  pressure  distribution  on  the  basic  simple  airfoil  at 
!0C  of  attack. 

Figure  31  further  illustrates  interaction  effects.  Three  airfoil,  all  at  the  same  angle  of  attack 
were  placed  together  as  illustrated.  A  cwrenon  angle  of  attack  was  selected  in  order  to  display  better 
the  interference  effects.  The  slot  gaps  were  1  percent  of  local  chords.  The  pressure  distributions  are 
affected  tremendously.  In  addition  to  local  cross  flow  effects  at  the  trailing  edges  there  are  global 
effects.  On  each  airfoil  circulation  is  as  sketched  in  the  upper  part  of  the  figure.  The  rear  airfoils 
then  induce  more  upwash  on  the  front  a^foil  and  the  two  front  ai  foils  in  turn  induce  more  downwash 
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©a>  tfte  rear.  Stanre  tfte  frost  becomes  very  heavily  leaded,  tfte  rew  very  lightly  loaded,  and  tfte  tester 
off  pressure  acres  forward.  la  tfte  Segiswisg  off  Sects®*  5  tfte  view  was  raised  tftat  slots  aawast  to  a 
sft©rt-ciri®itisg  of  tfte  lift.  That  effect  apparently  tza  exist  wftea  tfte  elements  are  net  properly 
positioned.  Observe  tfte  dropoff  ia  pressure  seer  tfte  slots.  It  is  interesting  to  note  tftat  at  10* 
angle  of  attack  tfte  single  element  airfoil  carries  slightly  mone  load  tft oa  tfte  tftree-airfoil  system. 

Tfte  sane  kind  of  interaction  occurs  between  sails  eis  a  sii’tet,  or  even  between  boats  ia  close 
proximity.  According  to  Figure  31  if  tfte  front  airfoil  corresponded  to  a  beat  is  tfte  lead,  boats 
drawing  op  cm  tfte  leader,  corresponding  to  tfte  rear  airfoils,  mold  ftave  a  very  difficult  tine  passing 
tfte  leader  because  tftey  are  ougsmenting  bis  lift  and  redociag  tfteirs.  ffif  coarse  tfte  effects  are  much 
stronger  between  sails  ea  tfte  sane  boat.  A  jib  and  a  mainsail  correspond  roughly  to  a  slat-wing 
combination.  A  useful  and  very  interesting  sts d/  of  tfte  problem  bos  been  node  by  A.  E.  Sentry  [17]. 
gt/  using  tfte  electrical  analogy  tecftmiqoe  and  cmdoctieg  paper,  fee  greatly  clarified  t&is  long  time 
puzzle  to  sailing  people. 

5.3  Tfte  OOnping  Effect 

Closely  related  to  tfte  circulation  effect  is  tfte  damping  effect.  Ifte  favorable  interference  of  a 
downstream  element  indices  cross  flew  at  tfte  trailing  edge  which  enhances  tfte  circulation.  Sat  tfte 
interference  also  increases  velocities  in  a  tangential  direction  so  tsat  tfte  flew  from  a  forward  element 
is  discharged  into  a  bigfter  velocity  region,  tftos  red caring  pressure  recovery  demands.  This  is  as  effect 
that  is  qjite  favorable  to  tfte  bcomdary  layer,  it  was  anticipated  in  Figure  12,  where  it  was  shewn 
tbit  for  tfte  same  canonical  pressure  distribution  increased  tepisg  velocity  would  permit  significantly 
increased  lift. 

Does  this  effect  really  exist?  Tfte  answer  is  yes  indeed.  It  can  be  seen  in  any  properly  designed 
mol ti -element  airfoil.  It  is  also  clearly  shown  in  Figure  29  and  values  are  tabulated  in  the  right 
land  columns.  Use  damping  velocity  is  not  a  precisely  defines  quantity-  It  is  tfte  effective  final 
velocity  on  the  suction  side  of  the  airfoil  with  boundary  layer  taken  into  account.  It  cannot  be  at  tfte 
very  trailing  edge  because  there  the  velocity  is  always  zero,  if  tfte  flow  is  inviscid  and  the  trailing 
edge  is  finite.  Velocities  at  about  37  percent  chord  would  be  a  typical  place  to  determine  the  value. 
Discharge  velocity  is  probably  an  equally  accurate  term;  so  is  recovery  velocity.  Trailing  edge  velocity 
is  not.  Effective  trail iisg  edge  velocity  would  be  suitable  but  it  is  a  ci^Mbe*  scsse  term. 

For  the  RA£  101  airfoil  with  the  circles.  Figure  29.  the  damping  velocity  ratios  squared  for 
airfoil  alone,  airfoil  plus  0.25c  circle  and  airfoil  plus  0.50c  circle  are  0.83,  1.1472  and  1.1855 
respectively,  a  charge  of  35  percent.  Figure  32  based  on  Figure  12  of  Reference  18  shows  the  effect  for 
a  slat.  On  the  main  airfoil  the  damping  velocity  squared  is  about  (0.85).  On  the  slat  it  is  about  (2.35). 


Figure  32.  A  typical  theoretical  pressure  distribution  for  a  two-element  airfoil,  corrected 

for  the  boundary  layer.  The  dumping  velocity  is  denoted  by  the  arrows.  Also  included 
is  the  canonical  pressure  distribution  for  the  upper  surface,  as  well  as  pressure 
distribution  for  the  main  airfoil  alone.  The  latter  exhibits  clearly  th«  favorable 
effect  of  a  slat,  a  =  13.15c,  c  =1.45  for  2-elenent  airfoil. 
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This  itct  explains  w>v  slats  can  carry  such  high  loads.  The  reason  is  shown  wore  clearly  by  the 
canonical  plot  in  Figut?  32  which  shows  that  the  slat  has  a  slightly  less  severe  pressure  distribution 
Van  the  wain  airfoil,  in  roite  of  its  very  high  loading. 


Figure  33.  A  typical  three-element  airfoil,  showing  dumping  velocity  effect.  Arrows  denote 
dumping  velocity.  NACA  23012  airfoil ,  ct  -  8°.  Line  marked  trailing  edge  level 
is  trailing  edge  dumping  velocity  divided  by  maximum  velocity  on  main  element. 

Figure  33  shows  a  typical  three-element  airfoil.  Again  the  dumping  velocity  effect  is  clearly 
exhibited.  The  canonical  plots  indicate  that  the  main  airfoil  is  less  severely  loaded  than  the  slat 
and  flap.  These  results  are  typical.  Any  properly  designed  multi -el ei.ient  airfoil  shows  the  effect. 

It  is  interesting  to  conjecture  about  what  might  be  done  with  this  effect  if  an  inverse  design 
method  for  multi-element  airfoils  were  available,  and  assuming  the  complete  inviscid  airfoil  require¬ 
ments  permitted.  Start  with  some  desired  pressure  distribution.  An  example  is  shown  in  Figure  34 


Figure  34,  Illustration  of  compounding  of  lift  by  using  multi-element  airfoils.  For 
illustration  the  factor  m  is  \  1 . 5'. 
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for  i  fcjfloiUkeirtcal  tteve-elenert  airfoil.  Tte  base  airfoil  is  stows  platted  for  tte  foil  ctettf  Temftfc. 
Ttet  suppose  a  ttm  tlaett  airfoil  ms  sraj^i  tftat  tod  tW*  sane  caaoeical  pressure  distritotio*  oa 
eaeft  of  tte  Sfcrae  tlootts.  farttornore  as  sane  ttot  tte  rear  elenest  imdvces  a  dooming  telocitf  ratio 

(o _/«^  of  1.5  o*  tte  element  immediately  forward.  Seaase  tfeis  center  element  now  can  tore  fcigter 

ciroslatioi)  it  steal d  isribce  even  greater  effects  on  tte  front  element,  tome  tte  iaddeed  velocity 
ratio  is  tte  sane  for  eaeft  eleneat,  (iditb  is  a  told  assumption)  with  rtspect  to  its  own  velocities. 
Iten  tte  pressure  distritation  for  tte  three  elements  of  Fipre  34  is  as  stetctec.  Tte  load  carried 
is  far  greater  than  ttot  of  tte  single  eleneat  airfoil,  jet  tte  four  iadividoal  canonical  pressure 
distributions  are  all  tte  sane.  Tte  effect  is  readily  gsastitized.  It  stall  be  &ce  only  for  a  tbree- 
elenent  airfoil  bat  tte  as* ljfsis  is  easily  gewniized.  Let 


c 


v 


=  citard  of  tte  ensenble 
=  chord  of  rear  airfoil,  tte  flap 
=  chord  of  secaaS  or  center  airfoil 
=  chord  of  front  airfoil,  tte  slat. 


Iten  for  three  elenents  f ^  ♦  f -j  =  1-  Also  let 


=  magnification  ratio  for  velocity  at  trailing  edge  of  seceed 
element  doe  to  being  in  tte  high  velocity  field  ef  the  nose 
of  the  rear  el  went,  element  1. 

=  magnification  ratio  for  velocity  at  trailing  edge  of  third 
element  doe  to  being  in  tte  high  velocity  field  of  the  rose 
of  the  second  elemw.t- 


Tbe  lift  coefficient  is  ct  for  the  given  base  pressure  distribution.  Then  for  the  rear  element, 

ignoring  pressure-side  effects,  tte  suction-site  lift  is  fjC^.  Cn  element  2  the  apparent  wind  speed 

2 

over  the  whole  element  is  greater  by  a  factor  s^.  Hence  for  this  element  tte  lift  is  - 

For  tte  front  element  tte  apparent  wind  speed  is  increased  by  a  factor  st^.  But  tte  center  element  has 

2 

already  been  increased  by  a  factor  n_.  Hence  on  element  3  tte  lift  is  f-,(n_jt,)  c...  Then  tte  lift  of 
the  ensemble  is  '  £  J  “ 

ci  =  flcil  +  V"2  2  ctl  +  f3  **¥*3*  2  CH 

and  the  ratio  is 

—  fl  +  f2n2  2  +  f3  (n2°3)  2  061 

ctl 

Fo”  tte  example  of  Figure  34  fj  =  .30,  fg  -  .55,  f~  -  .15.  Also  02  =  03  =  \1.5.  Then  using  (16) 

cj  cn  =  .30  +  1.5  (.55)  +  2.25  (.15) 

=  .30  +  .825  *  .338  =  1.463 


i.e. ,  a  46  percent  gain,  with  no  greater  tendency  for  separation  than  on  the  base  airfoil.  The  effect 
definitely  exists,  but  where  real  design  is  considered  many  sore  factors  enter,  so  that  the  complete 
problem  is  not  nearly  this  simple.  How  nearly  the  above  relations  could  be  approximated  with  real 
airfoils  is  a  challenging  problem  for  inverse  airfoil  theory. 


5.4  Off-the-Surface  Pressure  Recovery 


This  effect  has  already  been  discussed  in  Section  3.4  Without  assistance  of  this  effect,  boundary 
layers  would  often  be  unable  to  meet  the  entire  pressure  rise  requirements.  As  an  example  consider 
Figure  33.  On  the  main  element  the  pressure  recovery  demands  are  not  great.  But  the  flow  from  this 
element  moves  along  slightly  off  the  st.rface  and  must  pass  through  pressures  nearly  as  high  as  at  the 

trailing  edge.  If  it  were  in  contact  with  the  surface,  as  for  a  simple  flap,  it  is  doubtful  that  the 

trailing  edge  pressure  level  demands  could  be  met  except  by  off-the-surface  pressure  recovery,  lo 
verify  this  conclusion  compare  the  canonical  plot  in  Figure  33  with  those  of  Figures  8-11. 

5.5  The  Fresh-Boundary-Layer  Effect 

On  each  element  of  a  proper’/  designed  multi -element  airfoil  the  boundary  layer  starts  out  fresh. 
Here  it  is  merely  enough  to  identify  and  mention  this  fact,  for  it  is  well  known  that  thinner  boundary 
layers  car  sustain  greater  pressure  gradients.  Such  measures  of  separation  as  Stratford's  criterion 

/-dC\/2  1/10 

S(-d 7*)  ’  0.39  (1C*6  Ro) 

indicate  explicitely  by  the  factor  x  the  effect  of  thickness  of  the  boundary  layer.  Figures  7,8,9,10, 
11,13,  and  14  show  the  effect  ;n  rore  detail.  It  is  clear  ‘hat  breaking  up  a  boundary  layer  into  several 

thinner  be  ndary  layers  is  favorable  to  the  delay  of  separation. 
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6.  CLC5IS3  RBMXS 

Bf  this  tiae  it  should  be  clear  that  a  slot  does  not  act  like  a  source  of  high  energy  air  as  in 
blouiag  boundary  layer  control.  In  the  imrisrid  region  it  has  the  saae  total  head  as  all  Ova  rest  of 
the  iaviscid  streau.  Indeed  it  has  higher  total  head  than  the  boundary  layers  on  either  side  of  it, 
but  it  is  inproper  to  state  that  the  flow  through  a  slot  energizes  the  boundary  layer.  A  boundary 
layer  is  always  flaring  adjacent  to  an  ioriscid  s treat  and  in  an  ordinary  single  eleuent  airfoil  we 
never  say  that  the  iaviscid  stream  energizes  the  boundary  layer.  The  principal  effects  are  that  the 
upstream  element  reduces  peak  velocities  on  the  downstream  el  event  and  in  reciprocation  the  downstream 
Clengit  increases  the  lift  on  the  upstream  element  -  a  sort  of  'you  help  me  and  I  will  help  you’ 
situation. 

Can  a  tuo-eleaent  airfoil  develop  more  lift  than  a  single  element  airfoil?  He  shall  attempt  to 
show  that  it  can.  In  order  to  realize  'he  pressure  distributions  considered,  a  two-element  inverse 
method  would  be  necessary.  Unfortum=-;..;.r  that  is  not  available,  although  Wilkinson's  method  [19]  is  a 
good  step  in  that  direction,  lie  asv.% 

1.  The  lower  surface  plays  uhly  a  weak  role,  so  that  it  is  only  necessary  to  consider 
the  suction  surface. 

2.  Reynolds  nunber  effects  are  weak,  which  they  are  at  large  scale.  Hence  the  lift 
attainable  on  an  airfoil  whose  chord  is  unity  is  no  more  nor  no  less  than  the  lift 
attainable  on  two  of  the  sane  airfoils  whose  chords  are  1/2. 

Consider  Figure  35.  Let  A  B  C  D  E  be  the  pressure 
distribution  on  the  upper  side  of  an  airfoil  of 
chord  A  E.  Assuwe  that  this  distribution  is  some 
kind  of  optimum.  The  optimal  load  distribution  is 
determined  by  boundary  layer  considerations. 

Hence  this  same  load  distribution  could  be  applied 
twice,  to  two  1/2  chord  elements  as  loads 
ABC1  D’  E"  and  E’  B"  C’  D  E.  The  sum  of  these 
two  areas  equals  area  A  B  C  0  E.  By  proper  inverse 
Gethods  shapes  needed  to  develop  the  two  pressure 
distributions  can  probably  be  found,  although 
this  point  is  a  weak  link  in  the  proof.  Now  the 
basic  dumping  velocity  squared  is  E“  D'  =  E  D. 

On  any  properly  designed  multi-element  airfoil 
the  flow  off  the  trailing  edge  of  a  forward  element 
always  discharges  into  a  region  whose  velocity 
ratio  is  greater  than  unity.  Hence  for  the  front 
element  the  modified  dumping  velocity  ratio 
squared  is  E"  F.  Two  cases  now  arise: 

Case  A  -  there  is  a  limit  to  the  maximum  velocity 
that  can  be  attained. 

Case  B  -  there  is  no  limit  to  the  maximum  velocity 
ratio  that  can  be  attained. 

Consider  Case  A  first.  Perhaps  the  velocity  limit 
iv  local  Hach  number.  Because  velocity  E"  F>E"  O' 
y,a  start  of  pressure  rise  can  be  moved  back  from 
’  is  point  C'  to  a  point  6.  Now  area  A  B  G  F  E"  > 

.  >1  C'  D'  E",  which  proves  our  case.  Next  consider 
Ca.*e  B.  If  dumping  velocity  of  the  forward  element 
i;  increased  from  E"  D'  to  E"  F  the  entire 
velocity  distribution  can  be  scaled  by  the  ratio 
oi  che  two.  We  obtain  area  A  H  I  F  E".  Again, 
ar.J  even  more  strongly  area  A  H  I  F  E">A  B  C'D'E". 
Q.f  D. 

It  is  not  necessary  to  the  oroof  that  the  two  elements  have  equal  chord.  Furthermore  by  the  same 
arguments  three  elements  could  be  shown  to  be  better  thar  two.  Only  if  velocity  D  E  reduced  enough  to 
compensate  for  the  increase  O'  F  would  a  gain  fail  to  be  rc.jde.  This  is  highly  unlikely,  although  the 
ultimate  test  must  be  through  inverse  airfoil  theory. 

This  paper  began  by  stating  that  much  can  be  learned  aiout  maximum  lift  by  using  the  tools  for 
analysis  that  are  already  available.  The  statement  is  belie  ’d  to  be  confirmed  by  the  work  just  present¬ 
ed.  However,  many  interesting  questions  arise,  which  to  answer  require  new  or  extended  methods  of  anal¬ 
ysis.  Some  of  these  are  wakes  in  a  pressure  gradient,  conf  it*  it  boundary  layers,  accurate  inverse  methods 
for  multi-element  airfoils,  and  flows  with  partial  separation.  Remarkable  progress  on  the  problem  of 
design  and  analysis  of  multi-element  airfoils  nas  been  made,  tut  mjch  still  remains  to  be  done.  For 
fully  attached  low-speed  flow  the  maximum  possible  lift  coefficient  has  been  found  and  the  necessary 
shape  has  been  calculated.  Whet  is  the  maximum  possible  lift  coefficient  and  the  necessary  shape  for  a 
two-element?  a  three-element?  a  four-element?  a  ...-element  airfoil? 


Figure  35.  Load  diagram  for  proof  that  a  two- 
element  airfoil  can  develop  more 
lift  than  a  single  element  airfoil. 
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COMMENTS  ON  PAPER  10 

prepared  by 
Prof.  Dr  D.Kiichemann 
Royal  Aircraft  Establishment 
Famborough,  U.K. 

and  presented  by 
Dr  R.C.Pankhurst 
Royal  Aircraft  Establishment 
Teddington,  U.K. 


Prof.  Kuchemann  has  asked  me  to  convey  his  apologies  and  great  regret  at  not  being  able  to  attend  this  meeting. 
He  has,  however,  prepared  several  comments  on  Mr  A.M.O.  Smith’s  paper  which  I  shall  present  on  his  behalf.  In 
doing  so,  I  should  like  to  pay  my  own  tribute  to  the  paper  for  its  depth  of  understanding,  and  to  the  way  in  which 
it  disposes  of  several  half-truths  of  long  standing,  as  well  as  to  its  great  relevance  to  a  subject  of  vital  importance. 

With  Prof.  Kuchemann  I  welcome  the  emphasis  placed  on  the  design  problem,  and  the  manner  in  which  the  paper 
provides  liberation  from  a  heritage  of  reliance  on  empirical  data  and  trial-and-error  procedures.  The  approach  to  the 
design  problem  is,  moreover,  in  line  with  that  advocated  by  Prof.  Kuchemann  himself  and  followed  at  the  Royal 
Aircraft  Establishment:  some  of  this  work  is  to  be  described  by  Mr  Foster  in  the  next  paper. 

Prof.  Kiichmann’s  first  point  concerns  possible  effects  of  viscous  layers.  These  are  considered  in  detail  in  Mr 
Foster’s  paper  (especially  for  the  case  in  which  boundary  layers  and  wakes  do  merge  after  all);  but  there  is  also  an 
inviscid-flow  effect  that  occurs  when,  for  example,  the  wake  behind  the  main  aerofoil  passe--  downstream  above  a 
flap,  even  when  the  wake  does  not  touch  the  flap.  The  wake  then  introduces  a  nonuniformity  into  the  stream; 
and  in  such  a  stream  (inviscid  but  non-uniform)  a  body  experiences  a  lift  force  which,  compared  to  that  in  a  corre¬ 
sponding  uniform  stream,  always  tends  to  be  directed  towards  the  region  of  highest  velocity  or  total  pressure.  In  our 
case,  therefore,  the  induced  force  is  directed  away  from  the  wake.  Hence  the  lift  on  the  flap  will  be  reduced  by  the 
presence  of  the  wake  from  the  main  aerofoil,  even  if  viscosity  is  ignored.  This  effect  may  well  have  to  be  taken  into 
account  in  a  complete  design  method.  Some  theoretical  background  already  exists,  supported  by  experimental 
evidence;  for  example,  the  general  problem  of  non-uniform  flows  has  been  treated  in  a  paper  by  Ruden1 . 

Prof.  Kiichemann’s  second  point  concerns  threedimensional  effects.  These  have  not  been  considered  in  the 
paper,  but  the  present  work  should  surely  be  followed  up  and  extended  to  threedimensional  wings.  If  one  follows 
Smith’s  approach  and  uses  the  three  fundamental  solutions  for  calculating  the  flow,  as  shown  in  Figure  30  of  Paper 
10,  then  one  must  expect  that  all  *hree  of  these  will  be  strongly  influenced  by  the  effects  of  the  central  kink  on 
swept  wings  and  of  the  wing  tips.  For  a  kink  section,  even  the  first-order  solutions  differ  significantly  in  all  three 
cases  from  those  obtained  in  twodimensional  flows.  This  means  that  fundamental  differences  must  be  expected  and, 
in  particular,  that  the  resulting  shapes  for  given  pressure  distributions  will  differ  from  those  that  can  be  calculated 
now  for  twodimensional  multiple  aerofoils.  This  presents  us  with  a  big  problem.  Of  course,  the  design  principles 
stated  by  Smith  still  stand  and  should  be  applicable  also  to  threedimensional  wings. 

In  the  same  context,  it  will  probably  also  be  necessaiy  to  take  compressibility  into  account,- even  at  these  low 
speeds.  This  will  be  especially  difficult  on  threedimensional  wings.  We  have  now  found  that  the  ordinary  com¬ 
pressibility  factors  are  not  good  enough  in  the  regions  where  the  threedimensional  kmk  effects  matter.  It  seems 
that  we  shall  have  to  make  do  with  empirical  factors.  But  these  must  be  different  for  the  different  terms  involved 
there  will  be  different  factors  for  the  first-order  and  for  the  second-order  terms  and  also  for  the  twodimensional 
terms  and  the  threedimensional  terms.  We  must  therefote  have  a  calculation  method  where  all  these  different  terms 
can  be  identified  so  that  the  different  factors  can  be  established  and  applied'  there  is  not  likely  to  be  a  single  com¬ 
pressibility  factor  which  one  could  apply  to  an  overall  answer  such  as  that  obtained  by  a  panel  method.  So  even  if 
A.M.O.  Smith’s  method  could  be  extended  to  threedimensional  wings,  more  work  would  need  to  be  done  to  determine 
the  pressures  in  compressible  flow.  Perhaps,  for  instance,  A.M.O.  Smith’s  approach  might  be  combined  with  the  RAE 
Standard  Method. 

Prof.  Kuchemann ’s  third  point  is  concerned  with  the  effect  of  vortices  as  discussed  in  connection  with  Figure  25 
of  the  pa.'er.  These  effects  are  quite  real  and  can  be  demonstrated  in  practice.  For  example,-  the  flow  field  of  a 
line  vortex  can  be  produced  by  rotating  u  wing  about  its  lateral  axis,  as  Maxwell  has  shown  in  1853.  Since  then,  the 
properties  of  rotating  wings  have  been  studied  by  many  people  (like  Riabouchinsky.  Joukowski  and  von  Holst)  and 
by  Prof.  Kuchemann  himself  about  30  years  ago.  Figure  1  shows  measured  values  of  the  maximum  lift  coefficient 
for  a  wing  with  a  rotating  flap  as  a  function  of  the  ratio  of  the  circumferential  velocity  of  the  flap  to  the  velocity 
of  the  maiiiotream.  This  confirms  all  the  concepts  put  forward  by  Smith.  The  overall  lift  depends  on  the  position 
of  the  flap,  and  position  2,  which  was  calculated  to  be  on  an  optimum  line,  did  indeed  produce  the  highest  lift. 
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That  the  maximum  lift  coefficient  was  not  higher  than  about  3.8  was  a  consequence  of  flow  separation  in  the 
junctions  with  the  endplates  used  in  the  test  and  cannot  be  blamed  on  the  rotating  wing.  These  matters  were 
discussed  in  a  subsequent  paper  by  L  F.  Crabtree2 ,  and  a  theory  for  the  flow  past  a  twodimensional  aerofoil  with 
rotating  flap  has  been  pr  ided  by  S.  Neumark3 . 

Just  for  completion,  and  since  we  are  talking  about  high  lift  achieved  by  mechanical  means,  Dr  Kuchemann’s 
second  figure  shows  the  lift  and  drag  measured  on  a  rotating  wing  by  itself  in  the  second  slide.  He  comments  -  I 
suspect  somewhat  lightheartedly  -  that  if  anybody  wants  a  lift  coefficient  of  better  than  12  and  does  not  mind  a 
drag  coefficient  of  10,  then  this  is  one  way  of  achieving  it! 

Altogether,  A.M.O.  Smith  has  again  given  us  much  to  think  about,  and  it  is  to  be  hoped  that  his  advice, 
together  with  the  results  described  in  the  next  paper  will  be  duly  heeded  and  will  lead  to  better  aircraft. 
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Fig.  1  Values  of  maximum  lift  for  a  wing  with  rotating  flat  in  different  positions  (Kiichemann,  1941) 
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Fig.2  Drag  polars  for  a  rotating  wing  with  circular-arc  section,  with  and  without  end  plates  (Kuchemann,  1942) 
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THE  LOW-SPEED  STALLING  OF  WINGS  WITH  HIGH-LIFT  DEVICES 

by 

D.  N.  Foster  * 

Royal  Aircraft  Estabiishaent,  Farn borough 


SUMMARY 

i 

The  paper  commences  by  considering  the  mechanise  of  the  stall,  of  wing  sections  with  high-lift 
devices  such  as  slats  and  slotted  flaps  in  tvcd iaens ional  flow,  showing  the  similarities  to  the  stalling 
mechanism  for  single  aerofoils,  and  the  differences  which  arise. as  a  result  of  the  close  proximity  jf  the 
multiple  lifting  elements  of  the  wing  section  to  each  other. 

The  effect  of  sveepback  is  discussed  Cor  an  infinite  sheared  wing  and  for  a  finite  aspect  ratio 
wing  without  high-lift  devices.  The  effects  of  practical  features  such  as  part-span  flaps,  and  flap  and 
slat  support  brackets,  are  then  illustrated  by  reference  to  flow  patterns  measured  on  a  swept-back  wing. 


Further  experimental  results  are  considered  in  order  to  demonstrate  the  effect  of  variation  of 
Reynolds  number  and  Kach  number  on  the  development  of  the  stall  and  on  the  forces  and  moments  through-  the 
stall.  These  results  indicate  the  need  for  a  facility  in  which  these  factors  can  be  varied  independently 
over  a  wide  range.  The  paper  ends  with  a  discussion  of  the  design  of  such  a  facility,  the  R-C  5  metre 
wind  tunnel,  and  of  the  design  of  the  models  to  be  tested  in  it. 


NOTATION 


b 


c 


Lmax 


span  of  wing 

chord  of  wing  section 

chord  of  wing  section  with  high-lift 

devices  retracted 

mean  chord  of  wing 

skin  friction  coefficient 

lif-  coefficient 

lift  ^efficient  in  equivalent  two- 
dimen  onal  flow 

maximum  value  of  lift  coefficient 
pitching  moment  coefficient 
pressure  coefficient 
Mach  number 


1  INTRODUCTION 


R-  Reynolds  number  based  on  mean  chord 

-R.  Reynolds  number  based  on  local  chord,  defined 

^  normal  to  mean  sweep 

s  distance  around  contour  of  wing  section,  from 

stagnation  point 

t  maximum  thickness  of  wing  section 

V •  ffee-stream  velocity 

x  distance  along  chord  line-  from  leading  edge 

of  aerofoil  section 

y  distance  along  span  from  centre  line  of  wing 

a  angle  of  incidence 

a  angle  of  incidence  in  equivalent  two- 

dimensional  flow 

$  angle  between  chord  line  of  slat  and  chord 

-  line  of  wing 


The  stalling  of  swept-back  wings  with  high-lift  devices  can  at  best  be  described  as  imperfectly 
understood.  The  lack  of  methods  for  predicting  the  onset  and  development  of  the  stall,  and  the 
inadequacies  of  existing  low-speed  wind  tunnels  have  led,  on  the  one  hand  to  the  necessity  of  expensive 
and  time-consuming  flight  tests  in  order  to  achieve  acceptable  stalling  characteristics  and,  on  the  other 
hand  to  designs  which,  by  showing  satisfactory  stalling  characteristics  in  a  conventional  lew-speed  wind 
tunnel,  do  not  realise  their  full  potential  under  full-scale  conditions. 

Whilst  the  time  at  which  a  useful  prediction  method  will  be  available  is  still  a  matter  for 
speculation,  some  advances  in  the  understanding  of  the  mechanism  of  the  stall  have  recently  been  made. 
These  have  resulted  from  careful  experiments  in  both  twodimensiona!  and  threedimensional  floit,  allowing 
the  stalling  of  a  wing  section  with 'high-lift  devices  to  be  related  to  the  stalling  of  the  plain  wing 
section,  and  the  stalling  of  a  swept-back  wing  with  high-lift  devices  to  be  related  to  the  stalling  of 
the  plain  swept-back  wing.  The  results  of  these  experiments  are  discussed  in  this  paper  and,  where 
possible,  mention  is  made  of  calculation  methods  which  may  ultimately  be  synthesised  to  yield  the 
desired  prediction  method.  , 


A  better  understanding  has  also  been  obtained  recently  of  the  performance  required  of  a  wind  tunnel 
if  it  is  to  be  a  satisfactory  aid  to  the  development  and  understanding  of  acceptable  stalling  behaviour 
for  swept-back  wings  with  high-lift  devices.  The  design  of  such  a  wind  tunnel,  and  the  design  of  the 
models  to  be  tested  in  it,  are  also  discussed  in  this  paper.  ' 


2  THE  STALL  IN  TWODIMENSIONAL  FLOW 

2.1  The  single  aerofoil 

As  a  basis  for  the  discussion  of  the  mechanism  of  the  stall  of  wing  sections  with  high-lift  devices 
the  classical  classifications  of  the  single  aerofoil  stall  will  first  be  discussed^.  The  stall  is 
characterised  by  flow  separations  occurring  on  the  upper  surface  of  the  aerofoil,  and  the  three  types  to 
be  described  are  illustrated  in  Fig.l.  This  shows  typical  variations  of  Kft  coefficient  with  angle  of 
incidence,  together  with  the  upper  surface  pressure  distribution,  and  the  upper  surface  flow,  at  a  lift 
coefficient  just  less  than  the  maximum  value. 
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FIGJ  STALLING  CHARACTERISTICS  OF  SINGLE  AEROFOILS 
(DIAGRAMMATIC  ONLY) 

On  very  thick  aerofoil  sections,  where  a  rounded  suction  peak  first  appears  at  about  10Z  chord  aod 
with  only  moderate  adverse  pressure  gradients  over  the  forward  part  of  the  chord,  the  turbulent  boundary 
layer  will  separate  near  the  trailing  edge.  As  a  result  of  the  increasingly  adverse  pressure  gradients 
the  separation  point  will  oove  forward  as  the  lift  coefficient  increases.  The  corresponding  curve  of 
lift  coefficient  against  angle  of  incidence  exhibits  a  rounded  maximum,  type  1  of  Fig.l,  this  being  the 
rear  or  trai ling-edge  stall.  When  Reynolds  number  is  increased,  the  caxiac  lift  coefficient  cay  be 
increased  due  co  thinning  of  the  turbulent  boundary  layer,  without  any  narked  change  in  the  stalling 
behaviour. 

On  very  th:n  sections,  separation  of  the  laminar  boundary  layer  nay  occur  before  transition  to  a 
turbulent  boundary  layer.  Transition  will  then  occur  in  the  separated  layer  and  the  resulting  turbulent 
layer  will  re-attach  to  form  a  long  bubble  (say  2Z  to  3Z  of  the  chord,  on  formation  at  low  angles  of 
incidence) .  As  the  angle  of  incidence  is  increased,  the  bubble  extends  rearwards  until  it  reaches  the 
trailing  edge,  anc  then  extends  beyond  the  trailing  edge.  During  this  process  the  gradient  of  the  lift 
curve  decreases  steadily  and  a  smooth  maximum  again  results,  type  2  of  Fig.l,  this  being  the  long- 
bubble  or  thin-aerofoil  stall. 

For  moderately  thick  aerofoil  sections,  laminar  separation  cay  again  occur,  but  now  the  turbulent 
layer  re-attaches  in  a  very  short  distance  (less  than  1Z  chord)  tc  form  a  short  bubble.  As  the  angle  of 
incidence  increases,  the  pressure  decreases  in  the  bubble,  and  this  is  accompanied  oy  increased  curva¬ 
ture,  which  in  turn  implies  a  shortening  of  the  bubble.  At  some  critical  lift  coefficient  this  bubble 
bursts  by  a  failure  of  the  turbulent  shear  layer  to  re-attach,  and  the  lift  curve  has  a  sharp  maximum, 
type  3  of  Fig.l,  the  leading-edge  stall. 

2 

It  has  been  found  that  some  aerofoil  sections  of  moderate  thickness  can  change  their  stalling 
characteristics  from  a  leading-edge  stall  to  a  trailing-edge  stall  with  increase  of  Reynolds  number. 
Further,  a  range  of  Reynolds  number  may  exist  for  which  the  characteristics  of  both  types  of  stall 
(1  and  3)  are  present,  that  is,  a  laminar  separation  bubble  and  separation  of  the  turbulent  boundary 
layer  ahead  of  the  trailing  edge.  Under  these  circumstances  the  maximum  lift  coefficient  may  be  defined 
either  by  the  bursting  of  the  leading-edge  bubble,  or  by  the  forward  movement  of  the  rear  separation 
point,  this  movement  being  accelerated  by  the  thickening  of  the  turbulent  boundary  layer  resulting  from 
the  existence  of  the  laminar  separation  bubble.  This  type  of  stall  is  sometimes  known  as  the  combined 
stall.' 

3 

Jacob  has  recently  considered  the  trai ling-edge  stall,  and  has  extended  the  surface  singularity 
method  of  Jacob  and  Riegels^,  for  the  calculation  of  the  potential-flow  pressure  distribution,  to  include 
a  separated  region  ahead  of  the  trailing  edge.  This  is  simulated  by  a  source  distribution  on  the  upper 
surface  of  the  aerofoil,  between  an  assumed  separation  point  and  the  trailing  edge.  A  pressure  distri¬ 
bution  is  calculated  from  the  basic  unseparated  pressure  distribution  for  the  given  angle  of  incidence, 
with  allowance  for  the  source  distribution,  and  the  development  of  the  boundary  layer  over  the  upper 
surface  of  the  aerofoil  is  then  calculated,  to  ascertain  whether  the  boundary  layer  does  separate  at  the 
assumed  position.  If  this  is  not  so,  other  separation  positions  are  considered,  until  the  process  con¬ 
verges.  By  repeating  the  calculation  for  a  range  of  angles  of  incidence,  a  curve  of  lift  coefficient 
against  angle  of  incidence  can  be  constructed  which  has  a  form  similar  to  type  1  of  Fig.l,  and  a  maximum 
lift  coefficient  can  be  determined.  For  an  aerofoil  such  as  the  NACA  2412,  Jacob^  has  obtained  very  good 
agreement  between  the  experimental  and  theoretical  variation  of  the  maximum  lift  coefficient  with 
Reynolds  number. 

5 

Crabtree  has  discussed  the  flow  around  an  aerofoil  with  either  a  short  or  a  long  bubble,  md  has 
shown  that  a  method  due  to  Maskell  can  provide  a  good  estimate  of  the  pressure  distribution  over  an 
aerofoil  with  a  long  bubble.  The  contour  considered  in  this  method  consists  of  a  constant  pressure 
boundary,  assumed  to  extend  as  far  as  the  maximum  thickness,  followed  by  a  constant  displacement  thick¬ 
ness  up  to  the  trailing  edge.  In  contrast,  C  abrree  shows  that  the  short  bubble  results  in  only  a  very 
small  perturbation,  in  the  region  of  the  bubble,  to  the  pressure  distribution  coi responding  to  the  contour 
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of  the  aerofoil-  atertoo®.  is  ais  «eati  mgirical  theory  for  the  berstis(  of  short  fa&fele*,  has  hsilt  egos 
the  r*p*Tn*T w»*  isiestifatises  isto  the  stroctaere  anf  heharioas'  of  lasisar  separatists  hshhles  at 
QseeB  Mary  College,  laaica.  Sis  calcslaticB  psoeeiaore  assmet  that  the  issiseid  velocity  iistrihetisa 
applies  ®p  to  poist  of  separatiste  of  the  latriaiar  hocmiery  layer,  that  the  velocity  ««k  the  laatsmar 
part  of  the  hobble  is  caesraat,  ami  that  the  velocity  falls  nearly  linearly  between  the  trassitiae  aed 
r8n»  re-attachsess  points.  The  method  predicts  a  series  of  valves  of  the  pssitiee  aronml  the  aerofoil 
eoetocr  at  vhich  re-attashsest  coold  occsr.  aad  the  fl mt  velocity  at  re-attagftaeet;  if  anae  of  these 
valces  are  compatible  with  isviscid  velocity  distrihstisa  amwnal  the  aerofoil,  the  hobble  is  assaaed 
to  have  horse. 

Is  principle,  a  calcalaties  procedure  csisj  Jacob’s  tKthod  to  allow  for  boosdary-layer  separatisms 
sear  to  the  craiiieg  eige,  and  istorporaeieg  Sartom’s  traerftini  to  determine  the  effect  of  the  laaaaar 
separatists  hobble  sc  the  development  of  the  beesfary  layer,  aad  to  indicate  if  the  hobble  has  herst, 
shocld  predict  the  occsrresce  of  a  combined  stall. 

2.2  The  aerofoil  with  slotted  flap 

A  typical  development  of  the  viscocs  layers  arcs m3  a  wing  with  a  slotted  flap  is  shews  is  Fig-2, 
There  are  two  main  differences  compared  with  the  development  of  the  visccos  layers  aroatd  a  single  aero¬ 
foil  section.  The  first  difference  lies  in  the  separation  hobble  which  is  present  sc  the  lower  scrface 
of  the  wing  near  to  the  trailing  edge.  The  length  of  this  bobble  is  to  seme  extent  dependent  os  the 
scape  of  the  wing  lower  surface  which  exists  when  the  flap  has  been  deployed,  bet  even  if,  as  here,  an 
attempt  is  made  to  eliminate  discontinuities  in  the  scrface  slope  by  the  addition  of  a  smooch  fairing,  a 
bobble  still  exists.  Some  small  movements  of  the  chordwise  position  of  the  leading  edge  of  the  bobble 
have  been  noted  with  increase  of  angle  of  incidence,  but  the  presence  of  the  bobble  does  not  affect  the 
mechanism  of  the  stall. 


FIG. 2  FLOW  AROUND  WING  WiTH  PLAIN  LEADING  EDGE  ; 

AND  SLOTTED  FLAP  DEFLECTED  20°  j 

i 


The  second  novel  feature  of  the  flow  is  the  nixing  of  the  wake  fron  the  wing  and  the  boundary  layer 
on  Che  upper  surface  of  the  flap.  Experiments^  have  shown  that  for  positions  of  the  flap  for  which  the 
wing-flap  combination  yields  optimum  aerodynamic  performance  the  interfeicnce  between  the  wake  and  the 
boundary  layer  is  comparatively  weak,  w.tii  the  two  viscous  layers  retaining  their  separate  identities 
almost  to  the  llap  trailing  edge.  Theoretical  calculations  fir  the  inviscid  flow  around  the  wing  and  flap, 
using  the  method  of  Hess  and  Smith®,  suggest  that  the  pressure  dist. ibution  over  the  flap  varies  only 
slowly  with  angle  of  incidence.  Under  condit ions  of  weak  interfer.nte  from  the  wake  of  the  wing,  the 
development  of  the  boundary  layer  on  the  flap  upper  surface,  and  the  position  of  separation  of  this 
viscous  layer,  might  therefore  also  be  expected  to  be  almost  invariant  with  angle  of  incidence. 

In  general,  therofore,  the  stall  does  not  occur  as  a  result  of  the  effects  of  the  viscous  layer  above 
the  flap  upper  surface,  but  as  a  result  of  a  breakdown  of  the  flow  over  the  upper  surface  of  the  main  wing. 
Since  there  is  a  simple  boundary  layer  on  this  surface,  the  mechanism  of  the  stall  will  be  identical  to 
one  cl  the  mechanisms  described  above  for  a  single  aerofoil.  Fig. 2  also  gives  a  comparison  of  the  pres¬ 
sure  distribution  on  the  .lain  wing  and  flap  with  that  on  the  basic  section  (flap  retracted)  at  the  same 
angle  of  incidence.  The  adverse  pressure  gradient  over  the  rear  half  ol  the  wing  upper  surface,  when  tie 
flap  is  deflected,  is  similar  to  that  for  the  basic  section,  nut  t^e  adverse  pressure  gradient  just  down¬ 
stream  of  the  leading  edge  is  much  increased.  Thus  it  is  to  be  expected  that  there  will  he  a  tendency  for 
the  flapped  wing  section  to  exhibit  a  leading-edge  stall  even  if  the  basic  section  has  a  tra  1 1  mg-edge 
Stull.  As  for  the  combined  stall  of  the  single  aerofoil  Section  considered  .meet,  a  calculation  procedure 
based  on  Horton's  method®  for  trie  deteilion  of  bubble  bursting  could,  in  print  ipie,  be  used  to  predict  tut 
stall  of  the  wing-flap  ccnbin.it  im ,  provided  that  a  si  ’.table  rr.etr.od  can  be  devised  tc  allow  for  tut  pre¬ 
sence  of  the  wins  wake,  when  > a!  ulatiag  tnc  pressure  distribution  over  the  flap. 
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2-3  TBm  a&tsvSo S3  vjgB  le*£izzr~rlt*  slam  aa£  slagged!  £lxs> 

riy.3  s&ivs  g&*  cSrrfclagewmg  aS  c&e  viszavs  Ixpess  firm  at  vim*  sxeciam  vsgB  x  BcaJtay«itSpe  *E*s  as£ 
slagged  ;Caj-  As  for  gB*  vis*  vSgB  x  pSatim  B«*££s*  ef*e.  nB*m*  ts  a  sxyzTXT;.'rc  BuSo&e  cm  gBe  Bsacier 
ssxrisczt  eS  gB e  vis*  sotxr  go  gB*  grxilis*  ct £*e,  atti  uxm  mmgerfesesm*  B*gv*em  cB*  gaafesandS  xux  Brest  gB* 
s:i:  ami  maim  vim*  ami  gBe  5si:mixrr  layer  cm  gB*  Slay.  Hm  esmssass  sc  Bms  Bees  faumf®  cBam  far  gB* 
gggimra  axrmcfymxmic  pcsigiam  cf  gB*  slag  glare  is  eaaemsis*  miris*  B*cs«*m  gB*  wake  frms  gBe  slar  ami 
gBe  Brum  Cary  layer  cm  gBe  apper  surface  ef  gBe  vims,  so  gBas  das*  go  gBe  grailis*  *£**  of  gBe  vis*  gBe 
gao  layers  are  aEacsg  gemg-legely  aer **£.  Heassref  presses*  <f£ssriBmz£ams  cm  gBe  slag,  rafn  asms  ami 
flay  are  also  s&rwm  cm  ?i*.3.  ASgBcmjB  gBe  vim*  vigB  a  plain  leaf  in*  tJjt  ami  sloggei  £Eap>  oemli  Bare 
sgallei  ag  am  arr*le  of  inmiitmrx  Belcv  gBxg  go  a&icB  gBe  fi*rre  earrespcm is,  a  cnagariscm  of  gBecregical 
ami  ezperiaemgal  pressure  iisgriougioms  an  am*les  of  iariiemre  Belov  gBe  sgall  Bas  eaaBlei  am  escraane 
of  gBe  pcessrre  iissriBrgicm  for'  gBe  vim*  v£gB  plain  Ecaiin*  es£*c  go  Be  mere  for  gBis  an* Se  of  iag&Cemg*, 
ami  gBe  values  Bare  Bees  aifei  go  F£*.3.  Tfims  serots  go  eayfctsis®  gBe  large  reisrgiom  in  gBe  peak 
smrgioe  pressure  coeffisieng  remltin*  from  gBe  presence  of  gBe  slag. 


AND  SLOTTED  FLAP  DEFLECTED  K>° 

A  ving  with  a  leading-edge  slat  nay  stall  either  as  a  result  of  a  breakdown  of  the  flow  on  the 
upper  surface  of  the  slat  or  a  breakdown  of  the  flow  cn  the  upper  surface  of  the  rain  wing.  The  surface 
oa  which  the  breakdown  does  occur  is  determined  by  the  geometric  position  cr  the  slat  relative  to  the 
wing,  and  is  most  readily  illustrated  by  coasidering  the  effect  of  varying  the  angle  of  the  slat  to  the 
wing  chord  lice.  Fig. 4  shows  pressure  distributions  oa  the  slat  and  leading  edge  of  the  ving  for  three 
slat  angles.  It  can  be  seen  that  for  the  smallest  slat  angle  the  pressure  gradients  around  the  leading 
edge  of  the  wing  are  very  mild,  but  that  there  is  a  very  strong  adverse  presstre  gradient  on  the  leading 
edge  of  the  slat.  This  suggests  that  at  this  slat  angle  the  slat  will  experience  a  leading-edge  stall. 

At  the  highest  slat  angle  the  adverse  pressure  gradients  cn  the  slat  upper  surface  are  comparatively 
mild,  but  there  has  been  an  increase  in  the  peak  suction  pressure  coefficient  on  the  main  ving.  In  these 
circumstances,  it  is  probable  that  the  flew  will  breakdown  on  the  upper  surface  of  the  ving. 

There  will  again  be  the  possibility  of  either  a  leading-edge  or  a  trailing-edge  stall  for  the  flew 
on  the  main  wing.  The  flow  around  the  leading  edge  which  will  exist  if  there  is  a  leading-eige  stall 
will  be  similar  to  that  for  a  single  aerofoil,  as  it  is  unlikely  that  at  the  position  of  laminar  separa¬ 
tion  there  will  be  any  mixing  of  the  wing  boundary  layer  and  slat  wake.  However  it  has  been  noticed  in 
experiments  into  the  flow  over  a  slotted  flap7  that,  even  if  there  is  no  mixing,  the  presence  of  a  tur¬ 
bulent  wake  may  induce  an  early  transition  of  the  boundary  layer.  This  could  therefore  reduce  ,he 
possibility  of  a  leading-edge  stall.  The  effect  of  the  interaction  of  the  wake  frot,  the  siat  with  the 
wing  boundary  layer  must,  however,  be  included  in  any  consideration  of  a  trail ing-edge  stall.  Fig. 5 
shows  the  values  of  the  skin-friction  coefficient  on  the  upper  surface  of  the  wing  for  var,jus  slat  gaps, 
as  predicted  by  an  extension  of  an  integral  method  for  calculating  the  simultaneous  development  of  the 
boundary  layer  and  wake**7.  In  this  figure  the  initial  characteristics  of  the  slat  wake  and  the  pressure 
distribution  on  the  upper  surface  of  the  wing  have  been  held  constant,  in  order  to  isolate  the  effect  of 
the  inter action.  In  practice  both  would  vary  slightly  as  the  gap  changed.  It  can  be  seen  that  when  the 
sl«.t  is  closest  to  the  wing  (smallest  gap)  the  interaction  causes  the  flow  to  separate  from  the  wing 
surface  fekin  friction  equals  zero)  nearly  10Z  of  the  chord  ahead  of  the  position  corresponding  to  the 
largest  gap,  for  which  there  is  no  interaction  as  the  layers  do  not  merge.  This  interaction  is  therefore 
an  additional  fac'or  in  the  consideration  of  a  trailing-edge  stall  and  any  calculation  method  designed  to 
predict  the  stall  of  a  wing  with  a  leading-edge  slat  must  take  account  of  it. 
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FIG -4  PRESSURE  DISTRIBUTIONS 


FIG. 5  EFFECT  ON  SKIN  FRICTION 


OVER  SLAT  AND  LEAEHNG  EDGE 
OF  WING  FOR  VARIOUS  SLAT  ANGLES 


ON  WING  OF  CHANGE  OF  WAKE  -- 
BOUNDARY  LAYER  INTERACTION  DUE 
TO  VARIATION  OF  SLAT  GAP 


3  T3E.  ST2ZL  tx  1BS9PB5WBI  flBK 

3.1  Effect  of  sweepback  tor  am  iafiaite  shearfri  wing 

SSeier  Bus  sicwm11  tE»t  in  toe  inriseid  flaw  arc=e<5  an  infinite  sheared  wing  witcccr  sip-lift 
devices  tee  nice  of  toe  peak  section  pressure  coefficient,  and  its  pcsitisn  trams  tne  vie*  secticn,  is 
independent  of  the  angle  of  sweep.  Swerer  it  is  noted  that  this  does  not  imply  that  the  viscccs  flew  is 
independent  of  seep,  and  this  comment  applies  also  to  sings  srith  hip-lift  devices.  The  character  of 
the  oocndary  layer  ca  the  epper  surface  of  the  sin;  will  he  affected  by  the  cramsverse  pressnre  gradients, 
and  this  nay  resnlt  in  the  layer  separating  at  a  loser  lift  coefficient  for  the  sheared  wing  than  for 
tuodinensicoal  flow.  It  is  also  possible  that  the  different  character  of  the  wake  from  the  slat  and  of 
the  bccmdaiy  layer  on  the  wing  scald  increase  the  severity  of  the  interaction  Between  then,  and  as  Fig. 5 
shews,  resnlt  in  a  forward  noreaent  of  the  position  of  separation  of  tie  ristoss  layer  ca  Che  epper 
surface  of  the  wing-  Tins  saiist  the  mechanise  of  tie  stall  cc  tie  sheared  wing  nay  not  be  different  to 
that  in  twodiraensional  flow,  the  valves  of  tie  -maximum  lift  coefficient  achievable  on  the  sheared  wing 
nay  be  less  than  is  achievable  in  cwcdisemsicnal  flew. 


3.2  Effect  of  sweepback  for  a  wing  of  finite  aspect  ratio 

Measurements  have  recently  been  nade1^  of  the  spanwise  variation  of  the  cbox&jxse  pressure  distri¬ 
bution  for  a  swept,  tapered  half-wing  model,  srith  a  full-span  leading-edge  slat  and  slotted  flap,  each 
Braving  a  constant  deflection  across  the  span.  Preliminary  analysis  of  the  results  suggests  that  the 
effects  of  finite  aspect  ratio  and  sweepback  are  generally  sinilar  to  those  for  a  wing  wit  hr  nr  high-lift 
devices  and  with  constant  camber-shape  across  the  span.  Fig. 6  illustrates  two  of  else  areas  of  difference 
between  typical  loadings  cn  plane  unswept  and  swept -hack  wings.  The  first  lies  in  the  shape  of  the 
spanwise  distribution  of  lift,  as  an  increase  of  sweepback  tends  to  be  accompanied  by  a  movement  of  the 
position  of  the  maximum  value  towards  tlie  wing  tip.  On  this  basis  alone  it  night  he  expected  that  the 
origin  of  the  stall  would  cove  towards  the  tip  as  sweepback  is  increased.  The  second  area  of  difference 
lies  in  the  shape  of  the  chordvise  loading,  which  varies  across  the  span  of  tlie  swept-back  wing,  the 
variation  becoming  core  pronounced  as  sweepback  is  increased.  The  section  nearest  the  tip  then  has 
the  highest  adverse  pressure  gradient  dovnstrean  of  the  leading-edge  suction  peak,  and  in  terms  of  the 
nechani sms  of  the  stall  in  tvodicensional  flow  the  tip  region  would  then  liave  a  tendency  towards  a 
leading-edge  stall.  A  further  aspect,  not  illustrated,  is  tfiat  the  thickness  of  rf>e  boundary  layer  at 
the  trailing  edge  of  the  swept-back  wing  tends  to  rise  as  the  wing  tip  is  approached^.  These  three 
features  combine  to  produce  an  increasing  tendency  towards  a  stall  originating  at  the  wmg  tip  as 
sweepback  is  increased. 

In  the  absence  of  a  detailed  analysis  of  the  flow  over  a  swept-back  wing  with  high-lift  devices, 
the  extensive  tests  of  Voodvard  and  Lean'^  may  usefully  bt  -mployed  to  illustrate  Bww  the  pattern  of  the 
stall  of  a  wing  section  on  a  swept-back  wing  may  differ  from  that  for  the  same  section  ir.  cwodimens icnal 
flow.  Their  wing,  which  is  illustrated  in  Fig. 7,  was  designed  using  the  RA£  Standard  Method^  to  have 
identical  chordvise  pressure  distributions  at  all  spanwise  stations  at  a  lift  coefficient  of  0.1.  The 
wing  section  was  chosen  so  that  at  the  lowest  test  Reynolds  number  (based  on  the  chord  normal  -o  the  mean 
sweep  line  at  mid  semi-span)  the  section  exhibited  a  leading-edge  stall,  and  at  the  highest  tes.  Reynolds 
number  a  trai ling-edge  stall. 


FIG.*  PRESSURE  AND  UFT  DISTRIBUTIONS  DUE  TO  MQOENCE 
ON  SWEPTBACK  AND  UMSSTEPT  WINGS 


ASPECT  AATtO  7-04 
ZCMOWO  SWEEP  35* 

SECTION  ME  IOO 

IO%  t#c  (stbeamwise) 


FIG.  7  WING  DESIGNED  FOR  UNIFORM  PRESSURE  DISTRIBUTION  AT  C^-O  8 

Detailed  c ho revise  pressure  distributions  were  measured  at  a  large  number  of  spanvise  stations  and 
these  chordvise  pressure  distributions  were  integrated  to  yield  a  spaavise  distribution  of  lift.  The 
downvash  equation*  for  a  lifting  surface  and  its  associated  trailing  vortex  sheet,  assured  to  be  planar, 
was  then  applied  to  this  spaavise  load  distribution  in  order  to  derive  the  effective  angle  of  incidence 
at  each  spaavise  station.  Finally  the  effective  angle  of  incidence  and  the  normal  and  axial  force 
coefficients  were  combined  to  generate  quasi-tvodimensional  lift  coefficients.  Values  at  four  spaavise 
stations  are  compared  in  Figs. 8a  and  8n  with  results  of  earlier  tvodineasional  tests  on  the  sane  ving 
section*^.  For  the  range  of  Reynolds  numbers  shown  on  Fig. 8a,  the  wing  section  is  known  to  exhibit  a 
trailing-edge  stall  in  tvodiceasional  flow,  and  there  is  generally  good  agreement  between  the  results  for 
the  section  on  the  svept-back  wing  and  in  tvodinensional  flow,  both  at  and  beyond  the  stall.  In  contrast 
when  the  Reynolds  numbers  are  such  that  the  ving  section  has  a  leading-edge  stall  in  twodimensional  flow 
(Fig. 8b)  the  post-stall  lift  coefficients  do  not  bear  any  resemblance  to  the  behaviour  observed  in  two- 
dimensional  flow.  The  reason  for  this  behaviour  lies  ir.  the  nature  of  the  stall  of  the  ving  at  this 
Reynolds  nird-er.  Woodward  and  Lean  suggest  that  as  a  result  of  the  leading-edge  stall  a  vortex  sheet  is 
formed,  springing  from  the  leading  edge  close  to  the  apex  of  the  wing,  and  crossing  the  trailing  edge  at 
some  701  of  the  semi-span.  The  effect  of  this  vortex  sheet  may  be  seen  by  comparing  the  development  of 
the  cho-dwise  pressure  distribution  at  851  and  401  semi-span.  Figs. 9  and  10.  At  831  semi-span.  Fig. 9, 
the  pressure  distribution  just  before  the  stall  shows  a  short  bubble  and  a  good  trailing-edge  pressure 
recovery;  just  subsequent  to  the  stall  the  upper  surface  pressure  distribution  is  almost  constant  and 
has  a  suction  level  similar  to  that  in  tvodinensional  flow.  At  40Z  semi-span.  Fig. 10,  the  pre-stall 
development  is  similar,  but  subsequent  to  the  stall  the  level  of  the  upper  surface  suction  is  much 
n.igher  than  would  be  experienced  in  twodimensional  Mow,  due  to  the  presence  rf  t;>e  vertex  sheet. 


?ez  majority  of  ssneys-sficged  2ircraft  cot-  flay  cues  n»t  syaen  Ebe  wbsle  of  tbe  vtng  trailing 
edge,  brx  terminates  at  abcc t  7SZ  to  S3Z  of  1  be  wring  span-  Tbe  carr rj«:  of  lift.  from  tbe  flapped  yor- 
Eiara  of  tbe  wring  to  tbe  enflaypcd  portico,  recks  ic  tbe  flcwr  areemo  ibe  wring  section  jnst  outboard  of 
Ebe  fix?  tip  baring  Eo  sssuie  2  pexi  sactien  pressure  ccefftcseei  visa  2  mpitoif  i^reicH;*  Eb2t  ci 
tbe  flapped  wring  section,  fed  writfccct  Ebe  cenpensatien  of  Ebe  soctien  pressure  coefficient  2E  Ebe  trjilixj 
eeje,  w&icb  ztonpeies  tbe  eacasee  of  a  slotted  fix?-  Again,  Ebe  flay  and  slat  as:  be  s^jerte:  from 
Ebe  aa in  vis;,  la  Ebe  case  of  Ebe  slat,  Ebe  sayporcs.  nest  emanate  from  Ebe  region  of  Ebe  leading  edge  of 
Ebe  wring,  2nd  hecanse  of  Ebe  ccgylez  changes  of  flcv  direction  said)  exist  ia  Eats  region,  it  is  mlileljr 
that  Ebe  sap-art  caa  be  made  eo  lie  saolk  *a  tbe  directicc  of  tbe  flow.  As  a  remit,  sales  are  sbed 
front  tbe  stpparts  and  pass  ever  Ebe  cpyer  sarface  of  tbe  wring  ia  close  prcxmty  to  tbe  --tag  sarface,  so 
Ebat  locally  tbe  derelopcent  of  Ebe  bscsdary  layer  00  Ebe  wing  is  subjected  to  a  rare  iatcase  adrerse 
iacerasciea. 
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FlG.ll  FLOW  PATTERNS  FCR  A  SWEPTBACK  WING  THROUGH  THE  STALL 

The  effects  of  these  two  practical  features  are  shown  in  Fig. 11,  derived  froa  surface-flow  patterns 
obtained  by  Lovell^.  -1.  the  lowest  angle  of  .ncidence  illustrated,  all  the  support  wakes  (denoted  by 
the  heavy  lines),  except  that  fron  the  nost  'utboaro  slat  support,  arc  clearly  defined  back  to  the  wing 
trailing  edge  and  do  rot  provoke  a  separation.  There  is  a  saall  region  of  separated  flow  ne3r  to  the 
trailing  edge  on  the  unflappcd  portion  of  the  wing  and  this  appears  to  originate  fron  the  wake  of  the 
cost  outboard  slat  support-  This  region  of  separated  flow  grows  slowly  as  the  angle  of  incidence  is 
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Ease nsMd,  Bus  arc*  taeAjtA  is  cBg  ayymxsgc  «ff  a  *tsso£  rejioo  ®f  sayarasri  flew,  afcici  s**slc*  from  tie 
afrtrse  tSStsz.  a!  cBie  vafcc  eS  tit  sSas  supper:  is  liae  wieSi  tie  cctinri  tsy  ef  tie  flay  ea  tie  toaefary 
Bayer  ea  tie  Bngily  BovaSef  seatiea  Jos:  euCBeari  eff  tie  fBay-  As  tie  argle  of  isaz&esc*  is  fsTS&es 
ias rre**«i  amteier  re^ea  off  stytnaef  flew  aygc.cs.  <&*  to  fie  wake  frem  tie  terr  sU:  sspgmt;  ssfesc 
<$stas  By  tiese  regimes  fair  ease  ia  area  aaJ  Jeia  sp>-  FiaaBBy,  after  tie  mariamt  life  eseffffieiesc  Bas 
ieta  rezo&isS,  tie  area  of  segaratef  flew  <£oe=.  as:  appear  to  iarrtase,  Bat  nose  cress-flow  is  exifeet 
itiaarif  of  tie  styeritei  tiejtea. 

•Hie  stall  ciaeeffcjr  appears  to  resale  fans  a  eco^isatiaa  of  tie  effect  of  tie  spaawise  Bead  dts- 
triiEticffis  eo  tie  eBeff&fise  presser*  distr  flee  ire  earriea  By  wieg  seeeirms  jrst  ect&card  of  tie  flay  tip, 
*a£  e  tie  effect  of  tie  tseeraetiao  of  tie  «da  ffreat  a  slat  scyyers  witi  tie  wiag  Bceafary  Bayer.  Be  is 
per  ,Ie  tizt.  BaeS  tie  sayptrts  for  tie  sBat  Beta  as  iiffereac  sytawise  pesftfees.  tie  stall  pattern  aad 
tie  isEcitaas  life  eeeffieieac  world  irrt  Beea  astricfly  Offeree:. 

4  Bg  K55CTS  C~  BSaaiUgS  ^Y3£Z  AO  Kfcga  SEBBBE 

K»a£-a=aseB  tests  ea  a  swtjZ-Back  wisg  witi  Bmgi-lifc  derices  at  lew  Seyeolfs  ean&er  cam  sojjest  a 
stalling  Beiarierr  wfcirfr.  is  qniee  differ  tat  to  tiat  viici  wield  Be  eaperieaced  ia  fflijit.  This  is 
f  I  East  rated  ia  fij.B2,  wfcici  ceagases  fflcw-separaiicc  beca^aries  for  tie  Tridtat  B  aircraft,  fitted  witi 
a  drifted  Beadias  edge  aid  deciBe  slotted  flaps,  aeasered  dariaj  fli jat  tests  at  a  Xeyaolds  aarer  of 
aBeat  15  to  20  *  Iffl®,  witi  Bocadaries  rezsered  ca  a  oedel  of  tiis  aircraft  ia  a  cecxeatieeal  wind  teasel 
at  a  Scysolds  of  ^ect  1  *  10®,  craasicictr— free-  Is  flijit,  tfee  stall  ccsmeaced  at  aioet  402  of  tBe 

wrag  stai-spaa  and  spread  is&catd  as  tie  angle  of  iacidesce  as  iaereased,  resaltisg  ia  a  sese-dewa  pieefc- 
img  someat  at  tie  stall.  !a  tie  wind  teasel,  ca  tie  ctier  Band,  as  a  resalt  of  tie  comparatively  t  hi  tier 
Bccradary  layer  at  tie  trail  lag  edge  of  tie  wisg,  tie  stall  cesnseaced  at  aomrt  6CZ  of  tie  visg  sear -spaa 
asd  sefescpmemtly  spread  rapidly  Both  iaBoard  asd  catBeard  to  yield  a  tip  stall,  accompanied  By  sere  re 
pitea-ap.  Tests  to  a  rariaile-deasity  wind  teasel,  ea  aaorfier  aedel  off  this  aircraft*®,  orer  a  raage  of 
Zeyaolds  easier  at  constant  Jiaca  easier,  demonstrated  tie  enange-orer  of  tie  stall  pattens,  as  shows  or 
tie  enrres  cf  pitenieg  ncaear  coefficient  against  angle  cf  incidence  shews  on  rig.  11.  Attempts  to 
reprodsce  tie  stall  patters  corresponding  ro  tBe  fiict  Seyaolds  easier  in  tie  cccrenticnal  wind  teasel 
repaired  an  extreme  fora  of  trassitice-fi  ting  derice’  . 


TUNNEL  TESTS  AT  R£^I*I06  FLIGHT  TESTS  AT  RE— 15  *  IO* 
pjU>  SCALE  MODEL, M=0-2  AIRCRAFT, MaO- 2 

WING  STALL  PATTERNS  AT  LOW  AND  HIGH  TUNNEL  TESTS  AT  TWO  REYNOLDS 

REYNOLDS  NUMBERS  NUMBERS  ,  M  =  0-2 

FIG.I2  SCALE  EFFECT  ON  THE  STALL  PATTERN  ,TRIDENT  1 

Fig. 13  shows  the  variation  of  the  maxima  lift  coefficient  with  Reynolds  number,  at  various  constant 
values  of  Mach  number  corresponding  to  low-speed  flight,  resulting  from  this  change  in  the  development  of 
the  stall  pattern.  At  the  lowest  value  of  the  Reynolds  number  Mach  number  was  found  to  have  no  effect  on 
the  maximum  lift  coefficient,  but  at  a  higher  Reynolds  number  it  has  a  pronounced  effect,  the  rate  of 
decrease  of  maximum  lift  coefficient  with  llach  number  being  of  a  similar  magnitude  to  that  measured  in 
flight,  as  shown  by  the  inset.  Theoretically,  increase  of  Mach  number  will  increase  the  lift  coefficient 
on  each  section  of  the  wing,  but  with  an  accompanying  increase  in  the  severity  of  the  adverse  pressure 
gradients.  At  the  lover  Reynolds  number,  when  the  maximum  lift  coefficient  is  defined  by  a  tip  stall,  it 
would  appear  that  this  theoretical  increase  of  lift  due  to  Mach  number  is  offset  by  a  reduction  of  the 
stalling  angle  of  incidence,  as  a  result  of  the  more  severe  adverse  gradients,  to  yield  an  almost  constant 
maximum  lift  coefficient.  l*hen  the  maximum  lift  coefficient  is  defined  by  a  root  stall,  as  at  the  higher 
Reynolds  numbei ,  the  effect  of  the  increase  of  the  adverse  pressure  gradient  on  the  trailing-edge  separa¬ 
tion  appears  to  be  greater  than  the  increase  of  lift  due  to  Mach  number,  and  hence  there  is  a  reduction 
in  the  value  of  the  maximum  lift  coefficient. 

These  results  emphasise  the  need  to  be  able  to  both  test  at  a  high  value  of  the  Reynolds  number, 
probably  of  the  order  of  at  least  5  »  10fi,  in  order  to  achieve  a  representative  stall  pattern,  and  to  vary 
Reynolds  number  and  Mach  number  independently;  tests  in  which  changes  of  Reynolds  number  were  interlinked 
with  changes  of  Mach  number  would,  if  their  separate  effects  were  as  above,  be  of  no  value  in  any  attempt 
to  determine  the  performance  of  the  ving  under  full-scale  conditions. 
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F1G.13  EFFECT  OF  REYNOLDS  NUMBER  F1G-I4  5  METRE  WIND  TUNNEL 

AND  MACH  NUMBER  ON  CUmax 
FROM  MODEL  AND  FLIGHT  TEST 

5  THE  5  METRE  PRESSURISED  LOW-SPEED  WIND  TUNNEL 

A  facility  in  which  it  will  be  possible  to  vary  both  Reynolds  nunber  and  Mach  number  independently, 
and  to  achieve  a  Reynolds  number  of  at  least  6  *  10^  is  currently  being  constructed  at  RAE  Farnborough. 
This  is  the  5  metre  low-speed  wind  tunnel^0,  illustrated  in  Fig. 14.  During  the  design  of  this  wind 
tunnel  a  range  of  sizes  was  considered,  and  these  studies  showed  conclusively  that  the  cost  of  the  tunnel 
shell  fell  rapidly  as  the  size  was  reduced,  in  spite  of  the  accompanying  increase  in  pressure  required  to 
maintain  the  same  Reynolds  nunber.  The  present  size,  with  a  working  section  5  n  x  4.2  m,  is  considered 
to  be  the  smallest  wind  tunnel  which  will  satisfy  the  requirenent  of  a  Reynolds  number  of  6  *  10^  for  a 
complete  model  of  a  typical  transport  aeroplane,  of  about  3.5  m  span,  and  for  which  models  with  high-lift 
devices  can  be  built  with  sufficient  accuracy  and  strength. 

The  wind  tunnel  can  be  pressurised  to  3  bars,  and  has  a  maximum  speed  of  107  m/s  at  2  bars.  As  the 
effect  of  variation  of  Reynolds  number  and  Mach  number  on  the  flow  around  the  model  could  to  some  extent 
be  masked  by  variation  of  the  uniformity  and  turbulence  in  the  airstream,  care  has  been  taken  to  ensure 
good  uniformity  and  low  turbulence  in  the  flow.  To  this  end  there  is  only  a  small  change  in  the  sectional 
shape  along  the  length  of  the  contraction  and  therefore  crossflow  should  be  minimised.  Model  tests  of 
the  rapid  diffuser  have  shown  attached  flow  everywhere,  and  the  elliptic  tubes  and  closely  spaced  fins  of 
the  cooler  will  act  as  a  small  scale  honeycomb.  Two  1.5q  screens  in  the  settling  chamber  will  improve 
the  flow  uniformity  and  give  further  reductions  in  the  turbulence  level,  so  that  in  the  working  section 
the  turbulence  intensity  should  be  of  the  same  order  as  that  for  the  best  of  the  atmospheric  wind 
tunnels  at  RAE. 

The  models  will  be  mounted  on  model  carts  which  essentially  form  the  rear  9.8  m  (32  ft)  of  the 
working  section  floor.  Two  model  carts  will  be  provided  initially,  one  carrying  a  mechanical  balance 
suitable  for  both  full  and  half  models,  and  the  other  a  sting  balance.  Other  carts  and  balances  may  be 
added  later. 

Testing  of  models  with  high-lift  devices  often  involves  repeated  measurements  with  small  changes  in 
the  configuration  of  the  high-lift  devices.  In  order  to  effect  such  changes  within  a  reasonable  length 
of  time,  special  attention  has  been  paid  to  the  problem  of  entry  into  the  working  section.  This  is 
enclosed  within  two  concentric  spheres,  and  large  pressure  doors  housed  between  the  spheres  can  be  closed 
onto  the  inner  sphere,  which  can  then  be  depressurised  to  allow  access  to  the  model,  whilst  maintaining 
pressure  in  the  remainder  of  the  circuit.  Additionally,  the  working  section  can  be  rotated  to  allow  the 
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aodel  carts  to  be  interchanged  through  the  model  access  tube.  The  time  required  to  depressurise  or 
repressurise  the  inner  sphere  will  be  of  the  order  of  two  minutes, and  charging  of  the  remainder  of  the 
circuit  can  occur  whilst  the  inner  sphere  is  depressurised  so  avoiding  any  further  loss  of  time. 

The  design  of  the  models  themselves,  to  allow  these  rapid  changes  of  configurations,  presents 
severe  problems.  For  current  models  designed  for  atmospheric  wind  tunnels,  continuous  variation  of  the 
position  of,  say,  the  flap  relative  to  the  wing  is  obtained  by  a  sliding  or  screw  adjustment.  Because  of 
the  magnitude  of  the  loads  involved,  such  schemes  are  considered  to  be  unacceptable  for  models  designed 
for  the  pressurised  wind  tunnel.  At  present,  the  only  method  which  appears  to  be  acceptable  is  to  have  a 
set  of  mounting  brackets  for  each  desired  configuration  of  the  high-lift  device.  Even  this  provision  of 
a  large  number  of  interchangeable  components  may  be  unacceptable  for  a  complete  model  with  a  tapered  wing, 
since  the  physical  size  of  the  flap  or  slat  near  to  its  tip  may  be  such  as  to  preclude  the  possibility  of 
attaching  the  bracket  by  any  method  which  will  have  sufficient  strength  and  yet  will  all:w  the  bracket  to 
be  removed  subsequently.  It  will,  of  course,  be  possible  to  manufacture  the  slat  or  flap  and  its  brackets 
as  a  unit  from  one  piece  of  material.  Alternative  approaches,  involving,  perhaps,  attaching  the  brackets 
to  the  slat  or  flap  by  means  of  welding,  are  currently  being  investigated  in  order  to  ensure  that  the 
models  will  be  made  in  the  most  economical  manner  possible. 

6  CONCLUSIONS 

The  results  of  the  experiments  in  twodimensional  flow  which  have  been  discussed  suggest  that  there 
is  a  close  analogy  between  the  mechanism  of  the  stall  for  a  wing, without  a  leading-edge  device,  having  a 
slotted  flap  and  the  mechanism  of  the  stall  for  a  plain  wing  section.  This  analogy  may,  in  some  circum¬ 
stances,  be  extended  to  the  mechanism  of  the  stall  for  a  wing  with  a  leading-edge  slat  and  slotted  flap, 
but  there  may  exist  conditions  in  which  the  close  proximity  of  the  wake  from  the  slat  to  the  boundary 
layer  on  the  wing  influences  the  mechanism  of  the  stall  in  a  manner  which  has  no  analogy  in  the  stall  of 
the  plain  wing  section. 

The  experiments  on  the  swept-back  wing  without  high-lift  devices  have  shown  that  under  conditions 
for  which  the  wing  section  exhibits  a  leading-edge  stall  the  post-stall  behaviour  of  the  sections  on  a 
swept-back  wing  is  dependent  on  the  nature  of  the  threedimensional  development  of  the  stall,  and  this 
behaviour  may  have  no  counterpart  in  twodimensional  flow.  Only  when  conditions  are  such  that  the  wing 
section  exhibits  a  trailing-edge  stall,  and  the  wing  has  been  designed  so  that  at  a  lift  coefficient  very 
near  to  the  stall  the  pressure  distributions  on  all  wing  sections  are  identical,  will  the  sections  on  the 
swept-back  wing  exhibit  a  stalling  behaviour  similar  to  that  in  twodimensional  flow.  Practical  features, 
such  as  part-span  flaps  and  th  *  support  brackets  of  leading-edge  slats,  may  combine  to  produce  a  develop¬ 
ment  of  the  stall  which  is  si  cific  to  the  geometric  arrangement  of  these  features  and  to  the  Reynolds 
number  of  the  flow.  It  will  then  be  extremely  difficult  to  obtain  a  general  understanding  of  the 
mechanism  of  the  stall  of  a  swept-back  wing  with  high-lift  devices  from  such  tests. 

Calculation  mei  >ods  are  currently  being  proposed  which  will  enable  a  prediction  to  be  made  of  the 
stall  in  twodimensioaal  flow  and  which  may  ultimately  form  a  basis  for  a  method  of  predicting  the  develop¬ 
ment  of  the  stall  in  threedimensional  flow.  Experimentally,  increased  understanding  of  the  mechanism  of 
the  stall  will  best  be  achieved  by  the  use  of  a  facility  in  which  the  two  parameters  of  the  flow  which 
have  the  greatest  influence  on  the  stall  -  Reynolds  number  and  Mach  number  -  can  be  varied  independently 
over  a  wide  range,  and  it  has  been  shown  that  the  5  metre  wind  tunnel  now  being  constructed  at  RAE 
should  fulfil  these  requirements.  When  other  factors  affecting  the  stall,  such  as  the  influence  of 
ground  proximity,  or  the  possibility  of  dynamic  effects  due  to  rapid  variation  of  attitude  or  ground 
clearance,  have  to  be  considered,  it  will  be  essential  to  conduct  experiments  at  representative  values  of 
Reynolds  number  and  Mach  number,  and  the  5  metre  wind  tunnel  will  again  be  the  best  facility  for  such 
tests. 
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SUMMARY 


Potential-flow  analysis  methods,  based  on  distributed-singularity  models,  are  ade¬ 
quate  for  the  prediction  of  aerodynamic  characteristics  for  2-D  multiple-airfoil  systems 
where  viscous  effects  are  negligible.  However,  for  analysis  and  design  of  high-lift 
systems  where  viscous  effects  dominate,  potential-flow  methods  are  not  adequate.  In 
order  that  these  viscous  effects  may  be  accounted  for,  a  method  has  been  formulated  by 
which  a  solution  is  obtained  through  analysis  of  an  equivalent  airfoil  system  in  potential 
flow.  The  mathematical  model  for  the  equivalent  system  consists  of  a  linearly  varying 
vorticity  distribution  over  the  surface  of  each  airfoil  element  and  a  source  distribution 
embedded  inside  each  airfoil  element  to  simulate  the  separated  wake.  The  boundary- layer 
displacement  thickness  is  superimposed  on  the  airfoil  contour  to  form  an  equivalent  air¬ 
foil  surface  for  each  element.  The  flow  downstream  of  a  separation  point  is  allowed  to 
develop  as  a  "free  streamline"  flow  with  no  surface  boundary  conditions.  The  mathematical 
model  is  evaluated  for  case?  where  the  location  of  _he  separation  point  is  specified  from 
experimental  data.  The  predicted  chordvise  pressure  distributions  are  shown  to  correlate 
well  with  experimental  data  for  several,  multiple  airfoils  (including  leading-edge  slats 
and  trailing-edge  slotted  flaps)  for  angles  of  attack  near  stall.  Currently,  this  model 
is  being  incorporated  into  an  iterative  procedure  to  predict  the  complete  aerodynamic 
characteristics,  including  stall. 

1.  INTRODUCTION 

Analytical  methods  for  computing  the  aerodynamic  performance  of  high-lift  systems 
near  stall  must  be  capable  of  treating  cases  where  viscous  effects  dominate  the  flow 
phenomena.  Potential-flow  analysis  methods,  based  on  distributed-singularity  models, 
have  been  successfully  employed  for  the  prediction  of  aerodynamic  force  and  moment  coef¬ 
ficients  and  chordwise  pressure  distributions  for  multi-element  airfoil  systems  for 
conditions  where  viscous  effects  are  small  (References  1-4).  But  the  potential-flow 
methods  alone  are  not  sufficient  for  analysis  of  high-lift  systems  where  significant 
viscous  effects  are  encountered,  as  in  the  case  of  large  incidence  and/or  large  deflec¬ 
tions  of  slats  and  flaps. 

Of  course,  no  closed-form  solution  exists  for  viscous  flow  over  multiple-element 
airfoil  systems  at  the  present  time,  although  finite-difference  techniques  for  solving 
the  Navier-Stokes  equations  seem  to  hold  some  promise  for  the  future.  An  approximate 
method  for  taking  viscous  effects  into  account  for  an  arbitrary  airfoil  system  is  through 
an  inviscid  analysis  of  an  equivalent  airfoil  system  defined  from  viscous  considerations. 
Jacob  (Reference  5)  has  developed  such  a  method  for  single-element  airfoils  that  shows 
very  good  correlation  with  experimental.  data,  including  the  prediction  of  Clmax.  Various 
researchers  (References  6  and  7),  including  the  authors,  are  currently  engaged  in  devel¬ 
oping  a  technique  for  the  solution  of  multi-component  airfoil  systems.  To  a  large  degree, 
the  success  of  the  method  hinges  on  the  definition  of  the  equivalent  system  used  in  the 
inviscid  analysis.  The  evolution  of  a  simple  mathematical  model  to  define  the  equivalent 
system  is  the  main  subject  of  this  paper. 

2.  VISCOUS  SOLUTION  CONCEPT 

The  Convair  Aerospace  Division  of  General  Dynamics  has  been  actively  engaged  in  the 
development  of  a  multi-element  airfoil  analysis  and  design  capability  for  several  years. 
Consequently,  several  analytical  techniques  have  been  developed  that  are  applicable  to 
the  design  and  analysis  of  high- lift  systems.  Some  of  these  techniques  are  discussed  in 
detail  in  the  following  sections.  Guidance  to  the  development  of  the  analytical  methods 
has  been  drawn  from  numerous  2-D  wind-tunnel  tests  on  various  high-lift  configurations. 


^This  work  was  accomplished  under  General  Dynamics'  Independent  Research  and  Development 
program.  Continued  work  is  being  sponsored  by  the  U.S.  Air  Force  Flight  Dynamics 
Laboratory  (FXM) . 
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A  potential-flow  analysis  method  was  first  developed  for  multi-element  airfoil  sys¬ 
tems.  The  method  was  found  to  be  extremely  useful  but  suffered  from  two  restrictions. 
First,  it  did  not  give  accurate  pressure  predictions  for  airfoils  with  blunt  bases  and, 
second,  it  was  not  satisfactory  for  flow  conditions  where  viscous  effects  were  signifi¬ 
cant  as  a  result  of  either  large  deflections  of  individual  elements  or  large  incidence 
of  the  onset  flow.  The  method  was  first  extended  to  allow  analysis  of  airfoil  systems 
with  blunt  bases.  Then,  a  technique  that  accounts  for  viscous  effects  was  sought. 

The  resulting  extension  to  the  basic 
method  (currently  under  development)  permits 
the  analysis  of  multi-element  airfoils  in 
viscous  flow.  The  method  is  based  on  ob¬ 
taining  a  viscous  solution  for  a  given  high- 
lift  system  through  the  analysis  of  an  equi¬ 
valent  /system  ic  potential  flow.  The 
iterative  cycle  is  depicted  diagramatically 
in  Figure  1.  The  first  step  in  the  procedure 
is  to  calculate  the  inviscid,  potential-flow 
pressure  distributions.  The  computed  pres¬ 
sure  distributions  are  then  used  to  determine 
laminar  and  turbulent  displacement  thickness, 
transition  location,  separation  points,  and 
laminar-flow  bubbles  through  the  use  of 
boundary- layer  prediction  methods.  From 
these  bounoary- layer  characteristics,  an 
equivalent-airfoil  system  is  next  defined. 

The  equivalent  system  is  then  analyzed  in 
inviscid,  potential  flow.  The  resulting 
pressure  distributions  are  compared  with  the 
previously  calculated  pressure  distributions 
and,  if  the  maximum  difference  is  not  within 
specified  limits,  the  iterative  cycle  may  be 
continued  by  calculating  new  boundary- layer 
characteristics  from  the  latest  pressure 
distribution.  When  convergence  is  obtained. 
Figure  1.  Multi-Element  Airfoil  Analysis  the  final  pressure  distributions  are  inte- 
Proceaure  grated  to  give  forces  and  moments. 

The  present  paper  is  not  intended  to  deal  with  all  the  details  of  the  complete 
iterative  method,  elements  of  which  are  still  under  development.  Rather,  emphasis  is 
placed  on  the  mathematical  modeling  of  the  equivalent-airfoil  system  and  on  the  validity 
of  the  model  for  simulating  the  viscous  flow  near  stall.  The  mathematical  model  is  veri¬ 
fied  by  comparing  pressure  calculations  for  the  equivalent  system,  where  the  separation 
points  have  been  estimated  from  experimental  data,  with  experimental  pressure  distribu¬ 
tions. 

3.  POTENTIAL- FLOW  SOLUTIONS 

A  method  based  on  a  distributed-singularity  model  has  been  developed  for  the  analysis 
of  arbitrary  two-dimensional  airfoils  in  potential  flow.  Sharp  or  finite-thickness 
trailing-edge  conditions  can  be  treated  within  the  basic  framework  of  the  method.  Details 
of  the  method  are  sketched  in  the  following  subsections. 

3.1  Sharp-Traillng-Edge  Airfoils 

The  potential  flow  about  an  arbitrary  body  can  be  exactly  simulated  by  a  vortex 
sheet  of  continuously  varying  vortex  strength  lying  on  th«  surface.  The  strength  of  this 
vortex  sheet  is  determined  by  requiring  the  body  contour  to  form  a  closed  streamline.  In 
the  present  method,  it  is  assumed  that  this  continuous  vortex  sheet  can  be  approximated 

by  a  vortex  sheet  formed  by  a  connected 
series  of  straight-line  segments  along  each 
of  which  the  vortex  strength  is  permitted  to 
vary  linearly.  This  model  is  shown  schemati¬ 
cally  in  Figure  2.  The  condition  that  the 
body  form  a  closed  streamline  is  relaxed  to 
a  condition  that  the  flow  be  parallel  to  the 
surface  at  a  finite  number  of  points,  desig¬ 
nated  as  boundary  points  in  this  discussion, 
located  at  the  mid-points  of  the  straight- 
line  segments  of  the  vortex  sheet.  The 
extremities  of  the  straight-line  segments  of 
the  vortex  sheet  lie  on  the  body  surface  and 
are  referred  to  as  corner  points.  If  the 
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Figure  2.  Distributed-Singularity  Model  - 
Sharp  Trailing  Edge 
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vortex  density  at  the  corner  points  in  determined,  then  the  assumed  vortex  sheet  is  com¬ 
pletely  specified.  It  must  be  emphasized  that  the  points  should  be  so  placed  that  the 
inscribed- polygon  vortex  sheet  cones  as  close  to*  the  actual  airfoil  as  possible. 

The  vorticity  distribution  of  the  vortex  sheet  can  be  defined  in  terms  of  the  unknown 
values  of  vortex  density  7  at  the  corner  points.  Figure  2  al uo  shows  a  typical  distribu-; 
tion  of  the  values  of  7^  over  the  surface  of  one  of  the  elements.  The  linear  distribution 
of  7i  over  the  ith  segment  can  be  considered  as  the  sun  of  two  triangular  distributions 
of  and  ti+l  over  the  ith  segment,  as  shown  in  Figure  2..  Another  way  of  looking  at  the 
same  problem  is  to  assume  that  the  influence  of  7i  is  spread  over  the  adjacent  (i-l)th 
and  ith  segments,  except  at  the  first  and  the  last -corner  points. 

V 

The  velocity  induced  by  the  vortex  of  unknown  strength  7^  at  any  boundary  point  ,can 
be  found  as  a  linear  function  of  \  by  integrating  two  triangular  distributions  of  7£ 
over  the  (i-l)th  and  the  ith  segments  by  use  pf  Biot-Savart's  law.  Special  treatment  is 
necessary  when  the  boundary  point  lies  in  either  the  ith  or  (i-l)th  segment.  The  veloc¬ 
ity  induced  at  the  kth  boundary  point  due  to  7i  can  be  expressed  as  a  linear  function  of 
7i  as 

i 

uk,i  “  Pk,i*i  and  .  vk,i  “  ^.i/i  (1)! 

Then  the  sum  of  the  velocity  induced  at  the  kth  boundary  point  due  to  the  complete «aor- 
ticity  distribution  and  the  freestream  velocity  is  given  by  ' 


N  t  N 

uk  -  £Pk,i7i  +  0®CO8*  '  and  vk  "  Sqk.i^i  +  tU8ina  (2) 

where  N  is  the  total  number  of  corner  points  or  unknown  7s,  is1  the  freestream  velocity, 
and  a  is  the  angle  of  attack.  The  condition  of  zero  velocity  in  the  normal  direction  has 
to  be  satisfied  at  each  boundary  point;  thus,  the  equation  is  written 


£  <Pk  isin6k  "  %  icos®k^  yi  “  u  (cos«sin0k  -  sinacosS^)  (3) 

i“l  1  i 
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where  0k  is  the  slope  of  the  tangent  at  the  kth  boundary  point.  Let 


and 


ak,i  *  Pk,i8inek  ”  %,itosek 

bk  “  UaCcosaSinO^  -  sin«cos0k) 


Then  Equation  (3)  can  be  written  as 


:  N 

£aM*i  “  bk  ’ ! 

i-l  i 


(4) 

(5) 

(6) 


Here,  ak  ^  is  referred  to  as  the  influence  coefficient  of  the  ^th  vortex  at  the  kth 
boundary  point.  An  equation  of  this  type  can  be  generated  for  each  boundary  point. 


It  is  apparent  in  Figure  2  that  there  is  one  less  boundary  point  than- the  number  of 
corner  points  for  each  airfoil  part.  In  order  to  obtain  a  square  system  of  equations  an 
additional  equation  has  to  be  generated  for  each  airfoil.  The  Kutta  condition  is  used 
to  generate  this  equation,  the  simplest  form  of  which  is  the  requirement  that  the  net 
vorticity  at  the  trailing  edge  be  zero.  Another  form,  used  in  the  present  program,  is 
to  specify  a  pseudo-boundary  point  very  close  to  the  trailing  edge  and  to  force  the  flow 
to  take  a  direction  which  is  the  average  of  thp  lower-  and  upper-surface  slopes  at  that 
point.  When  this  latter  form  is  used,  another  equation  of  the  type  discussed  above  , 
results. 

Equation  (6)  generated  for  each  boundary  point  coupled  with  the  Kutta  condition 
equation  for  each  element  can  be  written  in  matrix  form  as 


(7) 


and  can  be  readily  solved  for  7s  by  the  use  of  a  digital  computer.  The  velocities  induced 
at  each  boundary  point  by  the  vortex  sheet  can  then  be  readily  found  from  Equations  (2). 
However,  to  determine  the  total  velocity  at  any  boundary  point  in  the  tangential  direction, 
requires  that  the  velocity  contributed  by  the  local  vortex-sheet  density  also  be  consid¬ 
ered.  The  local  vorticity  density  contributes  a  velocity  in  the  tangential  direction 
whose  magnitude  is  equal  to  l/2(dy/dl)  on  the  top  surface  and  -l/2(d7/dl)  on  the  lower 


surface.  Addition  of  this  velocity  to  the  induced-velocity  components  already  determined 
yields  the  total  velocity  ut  at  each  boundary  point.  Finally,  the  local  pressures  are 
calculated  by  use  of  the  incompressible  relationship 


(8) 


The  pressure  distributions  can  be  corrected  for  compressibility  effects  by  the  Karman- 
Tsien  Rule  and  numerically  integrated  to  give  force  and  moment  coefficients. 


Typical  results  obtained  by  the  potential- flow  analysis  method  ere  shewn  in  Figures 
3  and  4  for  an  HACA  23012  airfoil  with  single-slotted  flap  and  leading-edge  slat.  Experi¬ 
mental  pressure  distributions  (Reference  8)  are  also  shown  on  the  plots.  For  a  flap 


Figure  3.  Potential-Flow  Results  -  Slat 
and  Flap  Deflected  20°,  a  *  8° 


Figure  4.  Potential-Flow  Results  -  Slat 
and  Flap  Deflected  40°,  a  =  8° 


deflection  of  20  degrees,  viscous  effects  are  small  and  good  agreement  is  exhibited 
between. experimental  and  theoretical  pressure  distributions  (Figure  3).  However,  when 
the  flap  deflection  is  increased  to  40  degrees,  the  viscous  effects  become  significant. 
Experimental  pressure  distributions  indicate  flow  separation  at  the  flap  trailing  edge; 
thus,  agreement  between  experimental  and  theoretical  pressure  distributions  is  only  fair, 
as  shown  in  Figure  4.  It  is  to  be  noted  that  flow  separation  oa  the  flap  not  only  reduces 
the  load  carried  by  the  flap  but  also  reduces  the  load  carried  by  the  main  airfoil  and 
slat  because  of  a  decrease  in  the  total  flow  circulation. 


Figure  5.  Distributed-Singularity  Model  - 
'  Finite-Thickness  Trailing  Edges 


3.2  Finite-Thickness  Trailing-Edge  Airfoils 
The  potential-flow  method  described  in 
the  previous  section  has  been  extended  to 
permit  the  analysis  of  airfoils  with  finite¬ 
thickness  trailing  edges.  The  mathematical 
model  used  in  the  extended  program  is  illus¬ 
trated  in  Figure  5,  which  shows  the  model  to 
be  quite  similar  to  that  used  for  sharp 
trailing-edge  airfoil  analysis,  except  that 
(1)  the  vortex  sheet  defining  the  airfoil 
describes  an  open-sided  polygon  instead  of  a 
closed  polygon,  and  (2)  a  concentrated  source 
singularity  of  unknown  strength  is  embedded 
within  the  contour  of  each  body. 


The  velocity  at  any  boundary  point  ’k’  can  be  expressed  as 


uk 


N  M 

SjPk.m  +  £rk,rt  +  u®cosa  and 


vk 


N  M 

i +  51Sk»j“j +  u°°slna  (9) 


where  Pk,i»  N,  Ua>,  and  a  are  the  same  as  defined  earlier,  rk>j  and  skjj  represent 

the  components ’of  velocity  induced  at  the  'k'th  boundary  point  by  a  unit  source  embedded 
in  the  jth  airfoil  element,  M  is  the  total  number  of  airfoil  elements,  and  mj  is  the 
unknown  source  strength. 


If  the  vortex  and  source  singularities  are  lumped  together,  these  equations  reduce  to 


N4M 

uk  “  Zfk.ih  +  U®c03« 

where 

S±  -  7±  for  1<1<N 

) 


and 

and 


N4M 

vk  -  Y.  hk,isi  +  u®sin« 
si  “  mi-N  for  N+l<i<!WM 


and 
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rk,i-N 

Sk,i-N 


(10) 
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and 


8k,i  “  pk,i 
hk,i  “  %,i 


for  l<iSN 


for  N+l<i<N4M 


(12) 


Satisfying  the  cooditioa  off  aagwtiil  flow  at  each  boundary  point  gives  the  following 
linear  equation  in  the  ockoow  singularity  strengths: 


£<*,1%  -  «3> 


where  £  again  is  referred  to  as  the  influence  coefficients  of  the  its  singularity  at 
the  kth  josafny  point. 


For  each  airfoil  part  there  are  now  two  less  bctacdary  points  than  the  somber  of 
unknown  singularity  strengths  (me  sore  doe  to  the  unknown  source).  In  order  that  a 
square  system  of  equations  be  obtained,  two  additional  equations  have  to  be  generated 
for  each  airfoil  decent.  This  is  doae  by  specifying  two  pseudo  boundary  points,  erne 
each  located  on  the  upper  and  lower  surfaces  just  downstream  of  the  trailing  edge  of  each 
airfoil  part  as  shown  in  Figure  5.  The  condition  of  continued  flow  tangential  to  the 
last  surface  element  is  satisfied  at  these  pseudo  boundary  points.  The  resulting  system 
of  equations  can  be  written  in  matrix  fora  as 


(14) 


These  equations  can  be  readily  solved  for  the  vorticity  and  source  strengths  from  which 
velocities,  pressure,  ani  forces  can  be  calculated  in  a  manner  similar  to  the  analysis 
for  zero-thickness  trailieg-edge  systems. 


Figure  6.  Wake  Boundaries  -  Finite- 
Thickness  Trailing-Edge 
Analysis 


This  model  for  the  finite-thickness  air¬ 
foil  defined  above  has  an  additional  feature 
in  that  wake  boundaries  are  simulated  by  the 
outflow  generated  by  the  source  located  within 
each  airfoil.  It  is  pointed  out  that  the 
internal  viscous  wake  condition,  i.e. ,  the 
velocity  defect  in  the  wake,  is  not  simulated 
through  this  analysis  but,  perhaps,  could  be 
approximated  by  imposing  velocity  conditions 
at  certain  points  in  the  wake.  The  typical 
streamline  traces,  shown  in  Figure  6,  depict 
the  wake  boundaries  simulated  by  the  method. 


The  blunt-trailing-edge  airfoil  approach  has  been  evaluated  by  comparison  of  coxs- 
puted  results  with  experimental  data  for  a  modified  NACA  64A210  section.  Results  for 
both  the  sharp- trailing-edge  airfoil  and  the  modified  airfoil  with  a  filled  trailing  edg» 
are  shown  in  Figures  7  and  8.  Lift  and  pitching-moment  coefficients  are  shown  in  Figure 
7,  where  the  theory  is  seen  to  predict  the  incremental  effects  of  trailing-edge  blunting 
very  well.  The  pressure  distributions  computed  for  a  =  4.07°  are  seen  to  be  in  good 
agreement  with  data  in  Figure  8. 


Figure  7.  Force  Data  for  Sharp  and  Blunt 
Trailing-Edge  Airfoil 

4.  EQUIVALENT  AIRFOIL  SYSTEM 


Figure  8.  Pressure  Distributions  for  Sharp 
and  Blunt  Trailin 3-Edge  Airfoil, 
a  =  4.07  Degrees 


The  definition  of  the  equivalent-airfoil  geometry  that  simulates  the  viscous  phe¬ 
nomena  constitutes  a  critical  step  in  the  iterative  solution  cycle.  Two  distinct  cases 


occgg,  cm  uheirfrer  e>c*at<5Ty- layer  sejmrerfom  occa as  or  aoe.  The  wetfeewa deal 

model  for  eaefe  case  is  ascdM  bele  is  sane  detail. 

16*  initial  step  is  case  ^****^^1  of  <r»i  «i«i  »irf  hcoedary-Iayet  re  gr¬ 

istles  ca  irfae  basis  of  tfee  predicted  potential-flow  pressure  dUstribctfons.  Barttisalarly 
stringent  reqadreweats  are  placed  oa  tie  methods  tased  to  compete  tfee  boomdary  layer* 
siace  laadaar  aad  osrfealemt  calcolatioas  axe  accessary  witfe  traasieica  detemised  aaaly- 
tically.  decorate  prediction  of  fact  pleat  separatioa  £cr  bo: fc  laaiaar  aad  tscfeeleat  flow 
is  repaired. 

4.1  Attached-Flow  Case 

loaodery-layer  characteristics  oxer  asty  element  are  compared  by  rise  Cebocd  aad  Ssitfe 
(Eeference  9)  finite-difference  method  for  Jolriag  tfee  differential  eqaations  of  boowdary- 
layer  flow.  The  calcolatisa  is  initiated  at  tfee  airfoil  stagnation  point  located  from 
the  potential- flew  sciatica.  Tarholent  flew  is  computed  by  mekirg  cse  cf  tfee  eddy-viscos¬ 
ity  ccaeept. 

Tfee  location  of  boaodary-layer  transition  is  compared  by  tfee  we  trod  developed  by 
Vstzd  (Inference  10) ,  which  is  applicable  to  feign  Reynolds  naaber.  Tfee  we  toed  relates 
tfee  transition  location  to  tfee  nomer tom-rfei  ciness  Seyaolds  oonber.  Ia  sone  cases  a 
lzatinar  separatioa  bcbole  occurs  before  transition.  In  this  instance,  tfee  short-babble 
criterion  of  Caster  (Inference  11)  is  enployed  to  determine  whether  or  cot  tfee  babble 
bzs  burst.  If  the  babble  has  not  burst,  the  assumption  Is  wade  that  transition  occurs 
at  that  point  aad  the  boaodary-layer  calculations  are  continued.  When  a  bars  ted  babble 
is  indicated,  laminar  separation  is  assumed  to  have  occurred  with  no  reattaebnent.  The 
above  treatment  does  not  alloc  for  tfee  formation  of  a  long  reattached  bobble,  as  has 
sometimes  been  observed  on  very  thin  airfoils.  Thus ,  only  very  short  babbles  are  assumed, 
with  immediate  transition  at  reattaebnent.  This  simplified  model  is  adequate  in  many 
practical  case:. 


Toe  equivalent-airfoil  surface  is  de¬ 
fined  for  the  case  when  no  boticda ry- layer 
separation  occurs  by  superimposing  tfee  com¬ 
puted  boundary-layer  displacement  thickness 
normal  to  the  airfoil  contour.  A  schematic 
diagram  is  shown  in  Figure  9.  Since  the 
displacement  thickness  is  not  zero  at  the 
trailing  edge,  the  resulting  equivalent  body 
is  analogous  to  an  airfoil  with  a  finite¬ 
thickness  trailing  edge.  Thus,  tfee  blunt- 
trailing-edge  potential-flow  uetbod  described 
in  the  previous  section  is  directly  applica¬ 
ble. 

In  the  analysis  of  the  resulting  equivalent  multi-element  airfoil  system,  the  com¬ 
plex  nixing  phenomena  associated  with  the  interaction  of  the  viscous  wake  shed  from  a 
forward  element  with  the  slot  efflux  and  boundary  layer  developing  on  the  following 
element  has  not  been  considered.  This  conf  Luent-bcun da ry- layer  problem  has  been  con¬ 
sidered  by  Goradia,  as  reported  in  Reference  6.  The  precise  impact  of  the  mixing  process 
on  the  airfoil~system  pressure  distribution  is  not  known.  Thus,  in  the  interest  of 
simplicity,  the  effect  has  been  omitted  in  the  present  model. 

4.2  Separaced-Flow  Case 

The  next  step  is  to  define  the  mathematical  model  for  those  airfoil  elements  where 
boundary- layer  separation  is  indicated.  The  boundary- layer  calculation  methods  described 
above  predict  the  separation  point  but,  of  course,  do  not  carry  out  calculations  past  the 
separation  point.  Therefore,  no  values  for  an  equivalent  displaced  surface  are  readily 
available  past  the  separation  point. 

One  approach  is  to  allow  the  separation  streamline  to  remain  a  free  boundary  and  fix 
its  position  by  specifying  a  constant  pressure  condition  along  the  streamline  from  the 
separation  point  to  the  airfoil  trai. ling-edge  location.  Experimental  data  tend  to  support 
such  a  constant-pressure  separated-wake  condition.  Jacob  (Reference  5)  approximated  this 
condition  for  a  single-element  airfoil  by  assuming  equal  pressures  at  three  discrete 
points  located  at  the  airfoil  trailing  edge,  the  separation  point,  and  the  airfoil 
trailing-edge  station  on  the  separation  streamline.  Such  an  approach,  however,  requires 
the  solution  of  a  non-linear  system  of  equations  within  the  framework  of  the  distributed- 
singularity  theory.  The  undesirability  of  an  iterative-solution  approach  for  multi¬ 
element  systems  led  to  the  search  for  a  simpler  approach. 

One  alternate  approach  to  the  problem  is  to  empirically  define  the  separated-wake 
shape,  i.e.,  the  inviscid  streamline  emanating  from  the  separation  point,  and  assume  that 


Figure  9.  Equivalent-Airfoil  Hcdel  - 
Attached  Flow 
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Bite  «fJ«tkg-Wy  caaapar  fmllmws  s&mz  sagfrUtne.  T&e  smsoale  £s  an  «3*®-Sm*e  mJLrfefl 
ilwriT  ifflaef  by  abe  « tylaratiC  sxrface  mJ  cfeis  sayrarfani  stamwxliae  IS*  aaaly- 
tial  for*  of  efee  seperstiet  stzeasrA  fte  t&es  west  be  esablis&mdL 

Met  mtnrgfC  was  wait  te>  detesmiae  cfee  s&mpe  of  e&e  seywsasmd!  wake  eqtesiansalljr. 
A>to{nf&s  of  efhe  egynad—Be  segesacioe  stgcanrltae  were  onSe  ferirEg  a  2-9  wfiad  Caamrl 
test  fsegom  (lefezeace  12).  Typical  pbctcgxwpes  cecaised  for  s&e  separatism  jggeaeBfae 
r— »e"~f  ig  frOB  ex  MS*  44*210  (ao££f£ed)  airfoil  serrieg)  wicfe  22-geroexs-cftcr<J  leaditg- 
edge  f lag  are  s&owe  ft  Fi®sce*  10  aa*l  11  for  armies  of  attack  of  23.5  aa d  24.5  ifjrm, 
reagerciTely.  These  poctcggajfcs  were  ttaiea  by  a  reaecely  ccatcciiec  wf<ae-aajle-lto» 


Figure  10.  Sepasatica  Strentliae  Experi¬ 
ment  -  Plain  Flap  Deflected 
20  Degrees, a*  25.5  Degrees 


Figure  11.  Separatica  Streamline  Experi¬ 
ment  -  Plain  Flap  Deflected 
20  Degrees,  a  *  26.5  Degrees 


fwern  installed  in  the  2-D  blowing-wall  insert  of  tee  tunnel.  An  approximate  coordwise 
position  of  the  separation  point  was  visually  determined  by  tofts  attached  to  tbe  model. 
A  long  toft  (approximately  18  inches)  attacked  to  a  tapered  rod  was  inserted  from  the 
tunnel  roof  to  this  approximate  separation  point.  It  was  observed  that  as  tbe  long  tuft 
was  ooved  downstream  it  was  steady  up  to  a  certain  point,  after  which  it  suddenly  began 
to  oscillate  violently,  presumably  as  it  entered  the  separated  wake  region.  Photographs 
were  taken  with  the  rod  extremity  adjusted  to  a  point  just  upstream  of  the  condition 
where  tbe  tuft  entered  the  separa tea-wake  region.  A  qualitative  indication  of  the  sepa¬ 
ration  streamline  shape  nay  be  noted  in  the  figures.  Unfortunately,  the  camera  position 
selected  was  such  that  the  separation  streamline  emanating  from  steeply  deflected  flaps 
and  slats  could  not  be  photographed.  Further,  since  this  procedure  was  quite  cine  con¬ 
suming,  photographs  were  not  obtained  for  enough  configurations  to  empirically  define 
the  separation  streamline  shape  as  a  function  of  the  separation-point  location  and 
incidence. 


A  brief  analytical  study  was  carried  out 
to  determine  if  the  streamline  emanating  from 
the  separation  point  could  be  approximated  by 
an  analytical  function.  An  NACA  64A210  (modi¬ 
fied)  airfoil  section  was  used  in  the  analy¬ 
sis.  The  separation  point  used  was  predicted 
by  applying  Stratford's  (Reference  13)  sepa¬ 
ration  criteria  for  predicting  incipient 
separation  based  on  the  potential-flow  pres¬ 
sure  distributions.  The  predicted  lift  curves 
for  a  linear  and  parabolic  streamline  assump¬ 
tion  are  shown  in  Figure  12.  The  linear 
streamline  was  aligned  with  the  freestream 
direction,  while  the  parabolic  streamline  was 
oriented  so  that  it  was  tangential  to  the 
local  surface  at  the  separation  point  and 
parallel  to  the  freestream  direction  at  the 
trailing  edge.  The  agreement  between  the 
calculated  and  the  experimental  lift  curves 


is  very  poor,  although  the  parabolic-streamline  model  shows  some  improvement  over  the 
linear-streamline  model.  Perhaps  by  a  trial-and-error  method  a  satisfactory  analytical 


definition  for  the  separation  streamline  could  be  obtained  for  the  configuration  under 
investigation,  but  it  would  have  to  be  proved  valid  for  a  variety  of  multi-element  air¬ 
foil  configurations  and  locations  of  separation  points. 


A  frtfc  aepagagiom-sareawlfiite  aggggmefe 
mas  investigated  ana.  T&e  aedel  is  sboac 
scheaatlcally  is  fffgxr*  13.  3Ms  £re*  «?»- 

g3X£fllP"  aojSgj  £ry  SSUSS** 

ffyiag  tfee  ftcamiary  ccmdii  tiers  of  gamgacitial 
flow  os  cal;  Cfbat  gate  of  rfae  airfoil  bavin® 
attached  flow,  The  garyarSal  flow  cnadgcfms 
are  also  satisfied  at  the  separatism  point 
aead  toe  trailing  f^f.  Since  tea  flaw  ©octroi 
is  exercised  at  points  dbocstreaa  of  the 
separation  point,  the  s  >aracfc*  streamline 
develops  freely  from  r&e  separation  point. 

Tie  reselling  ia©del  is  me rheme tf gal ly  idea- 
tical  to  e&e  model  used  os  analyze  airfoils 
with  finite- eM ctoess  trailing  edges.  In 
this  case,  the  total  separated  region  of  the 
airfoil  element  is  considered  as  a  ffiaite-gfcfgfcgess  base,  lie  psemds  beeodary  point  jest 
doMBStreae  of  doe  Oral  If  eg  edge  c»a  the  tapper  surface  is  the  blarar- trailing- edge  airfoil 
analysis  case  is  sored  to  a  point  jest  downstream  of  the  sepa ration  point.  Tie  pressure 
distrlbation  downstream  of  the  separation  is  assessed  to  be  constant  and  esoal  to  teat 
raise  of  pressure  obtained  by  linear  earrapolatfca  of  the  boundary  point  pressares  to 
the  separation  point. 


Tie  SACA  64A210  (modified)  section  was 
cssd  to  caeci  the  taliulcy  of  (Ms  model. 

In  order  to  asserre  tfee  correct  choice  of  tie 
separation  point,  it  was  determined  from 
experimental  pressure  distribcticos.  Excel¬ 
lent  correlation  between  theoretical  and 
experimental  lift  corves  was  obtained  for 
this  configaration  as  shown  in  Figure  14. 
Comparisons  between  experimental  and  theore- 
tical  pressure  dis triixitions  for  this  and 
several  other  configurations  made  to  check 
the  validity  of  tfee  free-streamline  model  are 
discussed  in  tfee  neat  section. 


5.  Kr'  HEKATICAL  MODEL  SUBSTANTIATION 

Tfee  validity  of  tfee  free  separation- 
streamline  model  was  checked  by  comparing 
theoretically  calculated  pressure  distribu¬ 
tions  with  experimental  data.  Comparisons 
are  presented  first  for  single-element  air¬ 
foils  and  then  for  multi-element  airfoils. 

Meaningful  comparisons  require  that  true 
two-dimensional  data  be  obtained.  High-lift 
systems  in  general  generate  steep  adverse 
pressure  gradients  and  large  amounts  of  flow  circulation  that  tend  to  cause  premature 
separations  near  the  walls  due  to  the  interference  of  model  and  wall  boundary  layers. 
Wall-interference  effects  on  the  experimental  data  used  to  substantiate  the  theoretical 
model  were  eliminated  through  use  of  the  bloving-vall  test  technique  first  developed  by 
Boeing  Co.  and  later  refined  by  Convair  Aerospace  Division  and  Canadair  Ltd. (References 
12,  14,  and  15).  When  used  correctly,  this  test  technique  eliminates  the  interference 
between  wall,  model,  and  boundary  layer,  and  nesr-perfect  two-dimensional  flow  is  obtained 
in  the  i-^st  section.  The  data  presented  in  this  section  were  obtained  at  the  6-ft  by  9-ft 
low-speed  tunnel  of  the  National  Aeronautical  Establishment  of  the  National  Research 
Council,  Ottawa,  Canada,  with  a  2-foot-chord  model,  a  nominal  Hach  number  of  0.2,  and  a 
Reynolds  number  of  2.5  million  (Reference  12). 

In  the  comparisons  that  follow,  the  equivalent-airfoil  theoretical  model  is  evalu¬ 
ated  by  calculating  the  pressure  distributions  with  the  separation-point  location  esti¬ 
mated  from  the  experimental  data.  The  specified  separation  point  thus  provides  a  true 
evaluation  of  the  equivalent  potential-flow  model  independently  of  the  viscous-separation 
prediction  method.  It  is  not  the  intent  of  the  present  paper  to  evaluate  boundary- layer 
separation  methods  or  the  iterative  coupling  of  the  potential-  and  viscous-flow  methods. 

5.1  Single-Element  Airfoils 

Results  for  two  single-element  airfoils  are  presented.  One  is  an  NACA  64A210  (modi¬ 
fied)  cruise  airfoil;  the  second  is  the  same  airfoil  with  a  22-percent-cbord  leading-edge 
flap.  The  comparisons  between  experimental  and  theoretical  pressure  distributions  for  the 
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Figure  14.  lift  Comparison  -  Free- 
Streamline  Model 
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Figure  13.  Eqgjxal eat-Jir£cil  Model  - 
Separated  Flow 
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Figare  15.  Cruise  Airfoil  Pressure  Figure  16.  Cruise  Airfoil  Pressure 

Mstrilntum,  a  *  S.3  Degrees  Pis tribe tions ,  e-  10.2  Degrees 
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Figure  17.  Cruise  Airfoil  Pressure  Figure  18.  Cruise  Airfoil  Pressure 

Distributions,  a*  14.3  Degrees  Distributions,  o  “  15.2  Degrees 

Excellent  correlation  between  experimental  and  theoretical  results  are  noted  for  all 
angles  of  attack  except  in  the  separated  region  at  the  lower  angles  of  attack.  The  sim¬ 
plified  model  does  not  pose  a  condition  of  equal  pressure  on  the  upper  and  lower  surface 
at  the  trailing-edge  location.  Such  a  condition  would  perhaps  improve  the  pressure  cor¬ 
relation  at  the  airfoil  trailing  edge.  It  is  noted  from  Figure  14  that  occurs  at 

about  the  14.5-degree  angle  of  attack. 

46i - -  The  comparisons  between  experimental  and 

„ _ _ _ _ ^  theoretical  results  for  the  NACA  64A210  (modi- 

■“  - -  fied)  airfoil  with  a  22-percent-chord  leading- 

edge  flap  are  shown  in  Figures  19,  20,  and  21 

\f  s^N - for  angles  of  attack  of  18.5,  20.5,  and  22.3 

V-  ’ *  rTjT^'r?*.  degrees,  respectively.  Potential- flow  analy- 

— imm sis  results  are  also  shown  on  these  figures. 

■e  **  **  Again  the  effect  of  boundary- layer  displace- 

A  . j  ment  thickness  is  ignored  in  the  definition 

'  H  _  ~  ~  ..  of  the  equivalent  body.  The  separation-point 

m L j  locations  were  estimated  from  experimental 

1  »  o  iisne#«»«»n  data.  Excellent  agreement  is  obtained  between 

1  experimental  and  theoretical  results  for 

Figure  19.  Flapped  Airfoil  Pressure  angles  of  attack  of  18.46  and  20.46  degrees 


Figure 


Flapped  Airfoil  Pressure  angles  of  attack  of  18.46  and  20.46  degr< 

Distributions,  a  *  18.5  Degrees  except  on  the  lower  surface  of  the  flap. 
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Famine  20.  Flapped  Airfoil  Pressure  Fi^re  21.  Flapped  Airfoil  Fressore 

DisEri&ssicffi*,  a  *  20.5  Degrees  Disttribcticffis,  «  *  22.3  Degrees 

Sere,  experimeacal  <£xcs  seer  co  iadicate  a  laminar-flow  bobble,  wfcdco  was  act  coosidered 
in  cfee  theoretical  analysis.  For  toe  aagle  of  attack  of  22.31  degrees,  tbe  agreeaesc 
betweea  experiaesrcl  aad  t&eeretical  pressure  discrifeacioBS  is  coly  fair.  Ac  cMs  argle 
of  accede,  tbe  separation  poire  is  ac  4©-gercaat  chord  ard  poor  agreement  cza  perrsaps  be 
attriboted  co  dse  lack  of  pressure  coodieioas  eta  tfee  separaced  wake  in  tbe  simplified 
model. 


5.2  gtolcj-ElemeffiT.  Airfoils 

Sesnlcs  for  two  mnlci-gleneat  airfoil  configuration's  are  presented.  One  coafigu- 
racioa  is  an  5ACA  64&21Q  (modified  sections)  with  a  22-percenc-ccord  slat;  sfee  second  is 
tfee  sane  feet  with  a  35-perceat-cfcord  single-slotted  flap  deflected  30  degrees. 


Comparisons  between  tee  competed  and  experimental  pressure  distributions  for  tee 
first  configuration  (do  crailing-edge  flap)  are  shown  in  Figures  22,  23,  and  24  for  angles 
of  attack  of  14.3,  21.5,  and  23.2  degrees,  respectively.  Theoretical  results  for  the 


Figure  22.  Two-Element  Airfoil  Pressure  Figure  23.  Two-Element  Airfoil  Pressure 

Distributions,  a  =  14.3  Degrees  Distributions,  a  =  21.5  Degrees 


equivalent  system  obtained  by  both  neglecting 
and  including  the  effects  of  boundary- layer 
displacement  thickness  are  presented  in  these 
figures.  The  separation-point  locations  on 
each  element  are  noted  on  the  airfoil  sketch 
in  these  figures.  Also,  potential-flow 
results  are  shown  for  comparison  with  the 
simulated  viscous  solution.  These  data  show 
that  the  theoretical  and  experimental  distri¬ 
butions  are  in  very  good  agreement  for  angles 
of  attack  of  14.30  and  21.53.  The  effect  of 
including  the  boundary- layer  displacement 
thickness  is  seen  to  be  small  but  tends  to 
improve  the  agreement  between  experimental 
and  theoretical  pressure  distributions.  At 
the  23.17-degree  angle  of  attack  (experimental 
Cimax)  agreement  between  experimental  and 
theoretical  results  is  only  fair  which,  again, 
Figure  24.  Two-Element  Airfoil  Pressure  may  perhaps  be  attributed  to  the  absence  of  a 
Distributions,  a  =  23.2  Degrees  wake  pressure  condition  in  the  model. 
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Figure  25. 


ltee-Etaeat  Airfoil  Pressure  Figure  26. 
Distributions ,  a  ■  18.7  Degrees 


Three-El enent  Airfoil  Pressure 
Distributions ,  a  »  20.7  Degrees 


Figure  27.  Three-Element  Airfoil  Pressure 
Distributions,  a  *  22.9  Degrees 


Coapsrisoc.  of  experimental  and  theore¬ 
tical  pressure  distributions  for  the  second 
multi-element  configuration  are  shewn  in 
Figures  25,  26,  and  27  for  angles  of  attack 
of  18.7,  20.7,  and  22.9  degrees,  respectively. 
The  potential- flow  solution  is  shown  for 
comparison,  and  the  theoretical  pressure 
distributions  for  the  equivalent  system  with 
and  without  the  effect  of  boundary-layer 
displacement  thickness  are  presented.  The 
experimental  pressure  distributions  show  a 
separation  point  os  the  flap  which  remains 
invariant  over  the  angle-of-attack  range 
analyzed.  The  effect  of  including  the 
boundary-layer  displacement  thickness  is 
again  noted  to  be  snail.  The  experimental 
and  theoretical  pressure  distributions  over 
the  flap  are  in  good  agreement,  but  the 
theoretical  pressure  distributions  over  the 
wing  section  and  slat  are  only  in  fair  agree¬ 
ment. 


6.  CONCLUDING  REMARKS 

A  simplified  mathematical  model  has  been  defined  which  permits  the  analysis  of 
arbitrary  multi-element  airfoils  in  viscous  flow,  through  the  analysis  of  an  equivalent 
system  in  inviscid  flow.  Comparisons  of  computed  pressure  distributions  with  experi¬ 
mental  data  verify  that  the  model  is  reasonable,  even  near  stall.  Some  discrepancies 
existing  near  the  trailing  edge  of  the  airfoil  elements  point  to  a  deficiency  in  the 
simple  model.  This  deficiency  may  possibly  be  corrected  by  enforcing  a  constant-pressure 
condition  in  the  separated  wake.  An  approximation  for  such  a  pressure  condition  that 
does  not  unduly  complicate  the  model  (by  adding  non-linearities  into  the  system,  for 
example)  is  required. 

Vork  on  the  complete  iterative  solution  method  is  being  continued  under  the  sponsor¬ 
ship  of  the  United  States  Air  Force  Flight  Dynamics  Laboratory  (FXM),  Mr.  R.  F.  Osborn, 
program  monitor.  The  ultimate  objective  of  the  study  is  to  provide  the  capability  to 
predict  force  and  moment  characteristics  of  multi-element  airfoil  systems  over  the  com¬ 
plete  angle-of-attack  range. 
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la  the  first  part  of  this  paper  it  is  sbowr.  by  means  of  an  example  how  small  modifications  to  the  leading- 
edge  profile  of  a  sveptving  can  result  in  large  effects  on  lift  performance  at  the  stall  in  the  higher  range 
of  subsonic  speeds.  The  basic  types  of  leading-edge  pressure  distribution  for  any  one  fixed  geometry  over 
the  whole  range  of  subsonic  speed  are  discussed  and  the  difficulties  in  designing  a  profile  shape  which 
gives  a  satisfactory  compromise  in  wing  performance  across  this  range  is  emphasized. 

In  the  second  part  of  the  paper,  two  types  of  variable-geometry  device  at  the  leading  edge  are  discussed, 
each  of  which  allows  some  degree  of  optimization  in  the  shape  required  for  good  aerodynamic  performance 
across  the  range  of  Mach  number.  The  first  of  these,  the  leading-edge  slat,  is  shown  to  work  in  quite  a 
different  way  at  high  speeds  from  that  in  its  more  conventional  role  at  landing  and  take-off  conditions. 

Recent  IK  research  work  is  used  to  demonstrate  some  important  aerodynamic  features  of  slats  when  used  at 
high  speeds  in  near-optinmn  positions.  The  second  type  of  variable-geometry  device  is  a  new  one,  recently 
developed  within  the  IK.  The  essential,  feature  is  a  linkage  system,  entirely  contained  within  the  nose  of 
the  profile,  which  can  be  used  to  change  the  shape  of  the  leading-edge  of  the  •clean*  wing  in  such  a  way  to 
improve  performance  over  a  range  of  aerodynamic  conditions.  The  aerodynamic  possibilities  of  the  use  of 
this  device  in  the  higher  subsonic  speed  range  are  demonstrated  by  reference  to  some  recent  IK  wind-tunnel 
tests. 

1  INTRODUCTION 

In  the  design  of  sweptwings  one  of  the  choices  which  has  to  be  made  at  an  early  stage  is  the  selection  of 
the  wing-section  profile  shape  (or  shapes)  to  be  used.  This  selection  is  made  very  often  with  the  help  of 
theoretical  work  and  two-dimensional  wind-tunnel  tests,  having  due  regard  to  the  operational  requirements 
of  the  project  throughout  the  speed  range  and  to  the  various  constraints  imposed  by  structural  considera¬ 
tions.  The  design  requirements  are  usually  in  conflict  and  as  a  result  the  final  choice  of  profile  to  be 
used  is  generally  a  'best  compromise*  which  can  have  serious  deficiencies  at  one  or  more  important  points 
in  the  flight  envelope.  Considering  the  design  of  the  profile  at  the  leading  edge,  variable-geometry  in 
the  form  of  slats,  Kruger  flaps  or  other  such  devices  is  generally  found  essential  to  meet  the  particular 
deficiency  which  arises  at  low-speed,  high-lift  conditions  (for  take-off  and  landing),  and  recently  the  use 
of  these  devices  set  at  intermediate  angles  has  been  resorted  to  in  order  to  improve  stalling  characteris¬ 
tics  at  high  subsonic  speeds  (for  high-speed  manoeuvres).  But  a  high  price  is  paid  for  the  use  of  leading- 
edge  devices  at  high-speeds.  The  higher  loading  conditions  imply  extra  weight  to  be  carried  and  the  need 
to  specify  precisely  extra  settings  implies  complications  to  the  structure  and  control  system.  Also  some 
of  the  aerodynamic  effects  can  be  adverse.  Because  of  the  extra  drag  involved  for  instance,  performance 
at  bruise*  can  be  sacrificed  in  some  important  respects. 

Two  points  therefore  need  to  be  stressed  at  the  start 
of  this  discussion.  Firstly,  it  is  important  to 
increase  our  understanding  of  the  particular  sensiti¬ 
vities  of  stalling  characteristics  at  hi th  speeds  to 
small  variations  in  leading-edge  profile  shape,  and 
secondly  it  is  necessary  to  be  mere  aware  of  the  aero¬ 
dynamic  situations  which  arise  when  devices  such  as 
leading-edge  slats  are  used  to  improve  maximum-usable- 
lift  at  high  subsonic  speeds.  It  is  hoped  that  this 
paper  will  contribute  a  little  on  both  these  issues. 

1.1  Basic  Types  of  Pressure  Distribution  at  the 
Leading  Edge 

In  the  higher-subsonic  speed  range,  the  stall  of  swept¬ 
wings  is  primarily  associated  with  the  development  of 
flow  separations  due  to  the  interaction  of  the  shock 
wave  system  on  the  upper-surface  of  the  wing  with  the 
boundary-layer.  The  situations  which  arise  at  flow 
separation  can  be  extremely  complex  even  in  two- 
dimensional  flow,  particularly  when  there  is  inter¬ 
action  between  these  shock  induced  separations  and 
separations  near  the  trailing-edge1 .  On  the  complete 
swept  wing  the  flow  fields  are  affected  by  root  and  tip 
effects  and  the  interference  from  the  body,  the  nacelles 
and  stores  (if  any).  With  increase  of  Mach  number  these 
three-dimensional  effects  are  aggravated  as  the  effective 
aspect  ratio  is  reduced.  However,  provided  the  leading- 
edge  sweep  is  not  excessive  and  the  leading-edge  radius 
is  not  so  small  that  leading-edge  separations  of  the 
slender-wing  type  develop,  a  viable  approach  to  the 
problems  of  separation  can  be  made  by  considering  the 
flows  as  quasi-two-dimensional  in  the  first  instance, 
taking  account  of  the  three-dimensional  implications 
subsequently. 
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Fig  I  Basic  types  o(  upper-surfoce  pressure  distributions 
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Thus  we  may  start  by  considering  three  main  types  of  upper-surface  pressure  distribution  near  the  leading 
edge,  which  can  occur  at  conditions  just  prior  to  flow  breakdown  on  a  particular  aerofoil  (Pig  1 ).  Three 
examples  are  shown  with  approximately  the  same  shock  strength.  At  the  lower  end  of  the  high  subsonic  range 
under  discussion,  say  at  speeds  near  M  =  0.5,  the  flow  usually  separates  at  the  shock  which  is  very  close 
to  the  leading  edge  and  which  increases  in  strength  as  lift  is  increased.  At  higher  speeds,  however,  a 
nearly-constant  velocity  supercritical  region  tends  to  develop  over  the  forward  part  of  the  wing  upper- 
surface,  terminating  in  a  shock  wave  which  moves  further  aft  and  increases  in  strength  with  increased  lift 
until  the  separation  of  the  flow  from  the  surface  is  induced.  At  still  higher  speeds  the  supercritical 
region  may  extend  as  far  back  as  55%-65%  of  the  wing  chord  and  the  shock,  when  strong  enough  to  cause 
separation,  is  typically  preceded  by  a  progressive  increase  in  local  velocity.  In  all  these  phases  of 
development,  each  culminating  in  the  stall,  the  geometry  cf  the  leading  edge  plays  a  critical  part,  either 
directly  because  of  local  effects  on  the  shock  waves,  or  indirectly  because  of  effects  on  the  general  state 
of  the  boundary-layer  and  thus  on  its  tendency  to  separate  further  aft  on  the  wing  upper  surface.  Bearing 
these  three  main  types  of  leading-edge  pressure  distribution  in  mind,  three  specific  examples  of  leading- 
edge  geometry  change.')  will  be  presented  and  discussed  in  this  paper. 

1.2  Specific  examples  of  Leading-Edge  Geometry  Changes 

Using  the  first  of  these  examples,  described  below  in  section  2,  it  is  shown  how  a  small  modification  to 
the  leading-edge  profile  can  cause  large  effects  on  lift  performance  which  are  only  beneficial  at  one  end 
of  the  high  subsonic  speed  range.  The  need  for  a  satisfactory  compromise  across  the  whole  range  is  thus 
emphasized.  In  the  second  example  given  in  section  3,  the  use  of  leading-edge  slats  at  high  subsonic  speeds 
is  discussed  and  by  reference  to  some  recent  UE  research  studies  these  devices  are  shown  to  work  in  quite  a 
different  way  from  their  more  conventional  use  at  low  speeds.  Finally, section  4  describes  the  use  of  a  new 
type  of  variable-geometry  device  recently  developed  within  the  UE.  The  use  of  this  device  to  improve  lift 
performance  across  the  whole  of  the  high  subsonic  speed  range  will  again  be  demonstrated  by  reference  to 
some  recent  UE  test  data. 

2  WING-SECTION  PROFILE  CHANGES 


The  first  piece  of  work  presented  concerns  a  modification  made  to  the  leading-edge  profile  of  a  variable- 
sweep  research  model.  Details  of  the  complete  model  configuration  used  in  the  investigation  are  given  in 
Fig  2.  Two  sweep  angles  for  the  wings  were  used  in  the  investigation  and  the  appropriate  values  of  aspect- 
ratio  and  wing-twist  ('wash-out')  are  noted  on  the  Figure.  One  model  was  U3ed  for  the  measurement  of  forces 
(presented  in  Figs  7  and  8)  and  another  rather  larger  version  of  the  same  configuration  was  used  for  the 
measurement  of  pressure  data,  (quoted  in  Figs  9  and  10).  The  wing-section  employed  is  also  shown  in  Fig  2, 
designated  as  'basic  wing-section  'A".  Two-dimensional  tunnel  data  for  this  section  and  for  the  modified 
section  'B»  is  quoted  in  Figs  1  and  3-6. 


2.1  Two-dimensional  considerations 


Mod*! 


centra -lint 


The  basic  section  'A'  used  on  this  model  was  a  com¬ 
paratively  thick  one  (about  13%  thick,  perpendicular 
to  the  wing  quarter-chord  line)  and  had  a  reasonable 
degree  of  rear  loading  and  a  fairly  small  leading- 
edge  radius. 

Fig  3  shows  the  stall  boundary  obtained  for  this 
profile  as  obtained  from  two-dimensional  tests  and 
the  criteria  used  to  define  this  boundary  are  also 
indicated  by  means  of  inset  sketches  in  the  figure., 

The  three  types  of  pressure  distribution  show  in 
Fig  1  have  been  taken  from  this  same  set  of  test  data 
As  will  be  seen  the  boundary  is  fairly  flat  from 
M  =  0.4  up  to  about  H  *  0.58  and  over  this  range  of 
Mach  number  we  have  the  first  type  of  pressure  dis¬ 
tribution  mentioned  previously  with  a  very  sharp  suc¬ 
tion  peak  and  a  strong  shock  near  the  leading  edge  at 
conditions  before  flow  breakdown.  In  the  region 
0.6<M<0.65»  however,  the  second  type  of  pressure  dis¬ 
tribution  applies,  with  a  r.early-constant-velocity 
supercritical  region  developing  ever  the  forward  part 
of  the  profile  upper-surface  terminating  in  a  strong 
shock.  At  higher  Mach  numbers,  the  third  type  of  dis¬ 
tribution  shown  in  Fig  1  is  apparent,  velocities  build¬ 
ing  steadily  from  the  leading  edge  to  fora  a  triangular 
type  of  supercritical  distribution  culminating  in  a 
strong  shock  much  further  back  on  the  chord. 


Fig  3  also  includes  a  sketch  showing  in  what  manner  the 
leading-edge  profile  was  modified  to  form  the  second 
profile  designated  as  wing  section  'B'.  The  modifica¬ 
tions  of  most  significance  were  the  increase  in  nose 
droop  and  the  change  to  the  local  surface  curvature 
round  the  leading-edge.  The  effect  on  the  sectional 
stall  boundary  is  given  also  in  Fig  3  and  shivs  that 
the  maximum  lift  of  the  profile  has  bean  raised  at  the 
low  end  of  the  speed  range  without  apparent  harm  to  the 
performance  at  the  higher  Hach  numbers.  The  marginal 
improvement  at  high  speeds  is  possibly  due  in  part  to 
the  small  change  in  section  thickness  (about  0.37') 
also  included  in  the  modification,  so  no  credit  can 
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Fig  2  Details  of  the  geometry  of  the  variable-sweep  wing 
used  to  obtein  the  data  of  figs  7  and  8 
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really  be  taken  for  this.  It  is  of  course  all  too 
easy  to  aodify  the  leading-edge  shape  of  a  profile  to 
iaprove  the  maadmm  lift  developed  at  lov  speeds  at 
the  expense  of  performance  at  the  high  end  of  the 
range,  so  this  particular  modification  very  much 
represents  a  compromise  solution.  Also,  as  anyone 
acquainted  with  so-called  ’supercritical*  types  of 
aerofoils  will  Vx)w,  it  is  all  too  easy  (but  not 
necessarily  inevitable)  to  devise  sections  with  sub¬ 
stantial  improvements  in  maximum  lift  at  high  speeds 
at  the  expense  of  usable  lift  at  lov  speeds.  Before 
leaving  this  figure  attention  must  be  dravn  to  tna 
scale  of  equivalent  Mach  maber  included  for  the  wings 
of  the  complete  model  when  set  at  27.2°  sweep.  As 
will  be  seen  the  benefits  of  the  sectional  modifica¬ 
tion  reduce  with  increasing  Mach  number  becoming 
virtually  zero  at  a  Mach  number  of  about  0.7  for  the 
wing  at  this  sweep  setting.  Por  the  wing  swept  at 
42.2*  this  Mach  number  would  be  in  the  region  of 
M  =  0.85. 

Before  discussing  the  actual  effects  of  this  sectional 
modification  on  the  measured  lift  coefficients  for  the 
complete  swept  wing,  it  is  worth  considering  briefly 
hov  these  benefits  in  lift  coefficient  have  material¬ 
ized.  Fig  4  shows  the  lift-incidence  curve  for  both 
the  basic  section  ’A*  and  the  modified  section  *B*  at 
M  s  0.5.  There  is  a  change  in  the  lift  developed  at 
constant  incidence  before  the  stall,  mainly  due  to  the 
change  in  overall  chordvise  camber,  but  of  more  signi¬ 
ficance  is  the  increase  in  the  maximum  lift  developed. 
Prom  the  measured  pressure  data  there  is  evidence  of  a 
reduction  in  suction-peak  height,  and  thus  a  reduction 
in  shock  strength,  for  the  same  lift  at  conditions 
prior  to  flow  breakdown  (a  comparison  at  «=  1.14  is 
shown  to  demonstrate  this  in  the  inset  diagram. ) 

Since  the  maximum  lift  attained  is  by  and  large 
governed  by  the  strength  of  the  shock  reaching  some 
critical  value,  the  result  is  an  overall  increase  in 


Fig. 4  Chorocteristics  c  wing  sections'A'  ond  'B'  at  M-  0  SO 


Fig.3  Stoll  boundaries  trom  two-dimensional  tunnel  tests 
on  wing  section  'A'  and  on  the  modified  section  'B' 

maximum  lift-coefficient  in  favour  of  the  modified 
section  (0.09  at  this  Hach  number).  At  high  Mach 
numbers  a  different  flow  situation  arises  and  it  is 
instructive  to  consider  in  this  cue  the  comparison 
of  pressure  distribution  at  high  lift  when  the  shock 
terminating  the  supercritical  region  on  the  two 
profiles  is  likely  to  have  the  same  effect  on  the 
boundary-layer  behaviour.  Fig  5  shows  what  the 
comparison  between  the  lift-incidence  curves  looks 
like  for  the  two  sections  at  M  «=  0.7,  and  the  inset 
diagram  shows  the  comparison  of  upper-surface  gres- 
sure  distribution  at  an  incidence  of  about  3.5  when 
the  shock  has  about  the  same  strength  and  position 
on  the  chord.  Marginal  benefits  to  usable  lift  at 
this  Mach  number  partly  arise  from  the  section  modi¬ 
fication  due  to  increased  suctions  being  induced  aft 
of  the  leading  edge  in  the  supercritical  region. 

Fig  6  demonstrates  some  extra  important  effects  of 
this  section  modification  in  two-dimensional  condi¬ 
tions.  Firstly,  there  was  a  general  tendency  for 
the  upper-surface  shock  on  the  modified  section  to 
be  a  little  further  aft  when  compared  on  a  CL  basis 
except  at  M  =  0.66.  Secondly,  the  forward  movement 
of  the  shock  as  flow  separations  developed  tended 
to  be  more  abrupt  on  the  modified  section.  As  may 
be  seen  from  the  typical  pressure  distribution  in 
Fig  5,  the  more  triangular  form  of  the  supercritical 
pressure  distribution  on  the  original  section  would 
tend  to  make  the  shock  weaker  as  it  moved  forward. 

The  resultant  stabilizing  effect  on  the  stall  develop¬ 
ment  would  not  have  been  present  on  the  modified 
section  with  its  much  flatter  supercritical  pressure 
distribution  ahead  of  the  shock.  Thirdly,  the  shock 
strength  compared  on  a  Cj,  basis  tended  to  be  greater 
for  the  modified  section,  but  before  the  stall  the 
rate  of  increase  of  shock  strength  vith  lift  decreased 
resulting  in  comparable  conditions  at  the  point  of 
flow  separation,  (case  for  M  =  0.6  is  shown).  Ve 
shall  refer  to  these  points  later  in  the  discussion. 
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Fig  5  Characteristics  of  wing  sections  'A'  and  'B'  at  M=  O  70 


Upper- surface  shock  strength 


2.2  Application  to  the  complete  model  configuration  Fl9  6  Upper-surface  shock  position  and  strength  from 

two  -  dimensional  tests  on  wing  sections  'A'  and  'B' 

Turning  now  to  the  lift-coefficients  measured  on  the 
complete  model  of  Fig  2  before  and  after  this  leading- 

edge  modification  was  incorporated,  we  see  that  the  promise  of  improvement  from  the  two-dimensional  tests  has 
not  entirely  been  fulfilled.  In  Fig_7  the  lift-incidence  curves  for  the  configuration  with  wings  set  at 
27.2°  sweep  are  shown.  Whereas  the  leading-edge  modification  has  improved  the  maximum  lift  at  the  lower 
Mach  numbers,  at  the  higher  speeds  positive  harm  is  done,  the  CjjJnax  being  lower  and  early  breaks  appearing 
in  the  curves.  The  benefits  at  lower  speeds  reduce  to  zero  by  M  »  0.7G  and  it  is  interesting  that  this  at 
least  was  predicted  from  the  two-dimensional  tests  (equivalent  M  =  0.63).  Before  discussing  the  reasons 
for  the  losses  in  maximum  lift  at  the  higher  speeds,  it  is  instructive  to  note  some  similarities  with  the 
lift-incidence  characteristics  meas'ired  at  higher  wing  sweep  of  42.2°  (Fig  8).  The  benefits  of  the  modifi¬ 
cation  made  to  the  wing  leading-edge  are  not  so  marked  at  the  lover  Mach  numbers  even  allowing  for  the 
normal  sweep  effect,  and  there  arc  indications  in  the  more  gradual  nature  of  the  loss  of  lift  at  high 
incidence  that  the  stall  is  altogether  more  three-dimensional  in  character  than  at  the  lower  sweep.  However, 
there  is  once  more  a  tendency  for  these  benefits  at  low  speed  to  disappear  it  about  M  «  0.85,  ie  at  virtually 
the  same  equivalent  two-dimensional  Mach  number  found  at  the  lower  wing  sweep,  H  ■=  0.65.  At  the  higher  Mach 
numbers,  ie  above  M  «=  0.70  at  the  lower  wing  sweep  and  M  ■=  0.85  a;  the  higher  wing  sweep,  an  early  break 
develops  in  the  lift  curves  when  the  modified  section  is  used,  due  to  premature  flow  separations  outboard 
on  the  wing.  Thus  the  value  of  usable  lift  has  been  made  worse  rather  than  left  unchanged  as  demonstrated 
i-  the  two-dimensional  cata  (Fig  3).  Taken  as  a  whole  we  would  say  that  the  leading-edge  modification  made 
to  the  basic  wing  section,  although  restricted  in  the  improvement  achieved  at  low  speeds  in  order  to  main¬ 
tain  performance  at  the  higher  speeds,  has  only  shown  benefits  up  to  M  =  0.70  at  the  wing  sweep  of  27.2° 
and  up  to  M  =  0.85  at  the  wing  sweep  of  42.2°.  Above  these  points  in  the  subsonic  speed  range  positive  harm 
has  beer  done  to  the  stall  boundary. 


The  reasons  for  this  state  of  affairs  at  the  higher  Mach  numbers  is  explained  by  reference  to  some  pressure 
measurements  made  on  the  complete  model.  Fig  9  shows  for  a  Mach  number  of  0.80  vrith  the  wings,  swept  27.2° 
the  devslopment  of  the  local  chordwise  lift-coefficient  at  two  spanwise  stations  as  incidence  is  increased. 

A  comparison  is  shown  with  the  equivalent  two-dimensional  data,  due  allowance  having  been  made  for  induced 
incidence  and  body-upwash  increments  at  each  position.  The  figure  shows  how  at  60%  sc  .i-span  the  develop¬ 
ment  of  local  lift  i3  at  least  as  great  as,  if  not  greater  than,  the  sectional  characteristic,  but  at 
stations  nearer  the  tip  there  is  an  early  break,  (  a-_2j  ),  in  the  development  of  lift  resulting  in  signifi¬ 
cant  losses  over  this  region  of  the  wing  at  the  final  stall  boundary  (a  a  7  ,  see  Fig  7).  At  inboard  span- 
wise  stations  (not  shown;  very  much  better  lift-incidence  characteristics  than  thos«:  found  in  two-dimensions 
are  developed  and  the  general  picture  vhich  emerges  at  these  higher  subsonic  speeds  is  of  strong  three- 
dimensional  effects  on  the  spanwise  loading  and  on  the  character  of  the  flow  development  up  to  the  stall, 
biased  against  good  performance  at  the  tic.  .t  is  worth  noting  from  this  figure  that  the  order  of  wing 
twist  needed  to  postpone  flow  separation  at  the  . ip  is  large,  even  were  this  permissible  from  other  (aero- 
aynamic)  considerations. 
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Fig  7  Lift-curves  for  complete  model 
with  wings  swept  27  2° 


Fig  8  Lift-corves  for  complete  model 
with  wings  swept  42-2° 


It  is  useful  to  look  at  the  chordwise  pressure  distribution  at  these  two  spanvise  stations,  and  this  has  been 
done  in  Fig  10  for  those  points  in  the  lift  development  indicated  by  the  'diamond*  symbols  marked  in  Fig  9. 
Comparison  is  made  with  the  equivalent  two-dimensional  pressure  distributions  marked  similarly  by  'circle' 
symbols.  For  each  spanvise  station  the  comparison  is  made  at  about  the  same  lift-coefficient  and  in  each 
case  the  conditions  taken  are  those  just  before  the  break  in  the  local  lift  development  with  incidence  (in 
either  the  two-dimensional  or  the  three-dimens ional  data).  This  comparison  shows  that,  although  agreement 
in  the  pressure  distribution  at  60%  seraispan  is  fairly  good,  at  90%  semispan  the  shock  terminating  the 
supercritical  region  is  both  stronger  and  further  forward  on  the  complete  model  and  that  there  is  a  tendency 
for  increased  suctions  to  develop  over  the  forward  portion  of  the  supercritical  region  resulting  in  a  higher, 
flatter  roof-top  type  pressure  distribution.  These  observations  are  entirely  compatible  with  the  classic 
situation  which  arises  on  straight-tapered  swept  wings  of  constant  chordwise  section2*’.  At  the  tip,  thick¬ 


ness  effects  cause  local  reductions  in  isobar  sweep  t< 
(say  at  2/3  to  3/4  semispan)  a  maximum  in  the  spanvise 
lift-coefficients.  Taken  together  these  two  factors 
induce  a  shock  front  at  high  subsonic  speeds  which  is 
of  reduced  sweep  over  the  whole  outer  portion  of  the 
wing  upper-surface  and  shocks  which  are  thus  further 
forward  and  of  higher  strength  than  elsewhere  on  the 
wing.  The  result  is  that  shock-induced  separations 
generally  occur  first  near  the  tip  and  progress  in¬ 
board  as  incidence  is  increased. 

Thus  we  may  obtain  some  insight  into  why  the  leading- 
edge  modification  applied  to  the  basic  wing  section 
did  harm  on  the  complete  model  in  the  higher  range  of 
speeds.  At  mid-span,  at  near- two-dimens ional  condi¬ 
tions,  we  can  see  that  the  expected  increase  in  suc¬ 
tion  at  the  forward  end  of  the  supercritical  region 
(see  Fig  5),  can  easily  be  accommodated  with  some 
benefit  and  the  tendency  for  a  further  aft  shock  (see 
Fig  6)  with  no  significant  change  in  strength  will  do 
little  harm  locally  and  even  some  good.  However,  this 
further  aft  position  of  the  shock  locally  at  mid-span 
indirectly  has  an  adverse  effect  because  it  makes 
worse  the  basic  tendency  for  the  shock  to  become  less 
swept  over  the  outer  portions  of  the  wing.  At  the 
wing  tip  adverse  effects  are  more  obvious.  The 
increase  of  suction  forward  on  the  profile  vill  in 
this  case  cause  adverse  pressure  gradients  to  appear 
in  the  supercritical  region  resulting  in  the  shock 
moving  forward  more  abruptly  at  an  earlier  incidence 
and  becoming  stronger  as  it  does  so.  Thus  the  section 
modification  vill  have  aggravated  the  classic  develop¬ 
ment  if  shock-induced  flow  separations  usual  on  swept 
wings  by  a  tendency  to  reduce  shock  sweep  and  increase 
shock  strength  over  the  whole  of  the  outer  wing.  The 
features  whicn  bring  this  about  are  apparent  in  the 
sectional  characteristics  but  do  no  harm  m  tvo- 
di.aensional  conditions.  It  should  be  noted  that  at 
low  speeds  in  the  range  of  Mach  number  under  review, 
shocks  inducing  flow  separations  only  occur  at  posi¬ 
tions  very  close  to  the  leading  edge  so  none  of  this 
argument  about  shock  movements  applies.  The  wing  in 


ivards  the  leading-edge,  and  a  little  further  inboard, 
loading  gives  rise  to  comparatively  higher  local 
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Fig  9  Comparison  between  local- lift  curves  ot  >.-'  =  0  80 
for  the  complete  model  configuration  ond  for  the 
equivalent  two-dimensional  doto  ot  two  sponwise  positions 
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Fig.lO  Comparison  between  chordwise  pressure  distribution 
at  M-0  80  for  the  complete  model  configuration  and  the  equivalent 
two-dimensional  distribution  at  the  same  local  lift- coefficient 

3  THE  USE  OF  LEADING  EDGE  SLATS  AT  HIGH  SUBSONIC  SPEEDS 

At  moderate  subsonic  speeds  such  as  M  =  0.5,  when  the 
shockwave  is  near  the  leading  edge,  the  mechanism  by 
which  a  leading-edge  slat  can  give  an  increase  in  usable 
CL  is  essentially  the  same  as  at  low  speeds.  Deflection 
and  extension  of  the  slat  can  reduce  the  peak  suction 
near  the  leading  edge  and  so  delay  the  onset  of  a  shock- 
induced  separation.  Typically,  the  optimum  deflection 
is  roughly  half  that  used  for  landing.  At  higher  sub¬ 
sonic  speeds,  however,  eg  H  =  0.65  for  25°  sweep  or 
M  =  0.80  for  45  sweep,  a  slat  can  still  improve  the 
stalling  characteristics  but  the  nature  of  the  improve¬ 
ment  and  the  mechanism  by  which  it  is  achieved  are  not 
the  same  as  at  lower  s'-  eds.  A  fair  amount  of  research 
has  been  undertaken  wiinin  the  UK  during  the  past  few 
years  to  show  what  factors  can  contribute  to  a  good  slat 
design  for  wings  of  similar  thickness  to  those  discussed 
earlier  and  how  to  retain  the  effectiveness  up  to  as 
high  a  Mach  number  as  possible. 

Initially,  tests  were  made  on  a  high  aspect  ratio  wing 
with  27°  leading-edge  sweepback  (not  the  same  wing  as 
that  discussed  earlier  but  of  similar  thickness)  with 
three  slat  designs  A,  B,  C  (Fig  11 )  and  one  droop  design 
B,  formed  by  fairing  over  the  slot  of  slat  B.  The 
leading-edge  devices  extend  over  the  full  span  of  the 
nett  wing  but  because  the  wing  design  includes  three- 
dimensional  treatment  with  the  -section  shape  varying 
across  the  span,  the  slot  geometry  also  varies  consider¬ 
ably  as  shown  in  fig  1 1 .  Overall  -  a  curves  are 
shown  in  fig  12  for  M  =  0. 55  and  0.65  and  typical 
pressure  distributions  over  the  forward  part  of  the  wing 
at  mid-  semi-span  at  M  =  0.65  are  compared  :n  figs  13 
(a,  b).  It  will  be  seen  that  at  M  =  0.55,  slat  A  which 
is  drooped  12.5°  over  most  of  the  span  improves  the 
maximum  lift  by  at  least  ACL  =0.2  but  it  is  the  results 
for  M  =  0.65  that  are  of  more  interest  and  which  pose 
the  greater  challenge.  The  first  point  to  note  is  that 
the  high-lift  performance  of  the  deem  wing  is 


threo-diwmriocs  am  thus  take  adwtage  of  the 
gains  demonstrated  in  tbs  sectional  test  data. 

2.3  Tbe  need  for  variable  gtattty 

The  foregoing  discussion  centred  round  the  measured 
effects  of  a  particular  Modification  to  the  leading 
edge  shape  of  a  profile  used  an  a  swept  wing  at 
high  subsonic  speeds  leads  to  two  conclusions, 
firstly,  the  requirements  at  the  low  and  high  ends 
of  the  high-subsonic  speed  range  are  basically  in 
conflict  as  regards  the  improvement  of  usable  lift. 
At  lower  speeds  the  strong  adverse  gradient  anchor 
shock  strengths  which  develop  at  high  incidences 
can  be  reduced  by  the  use  of  leading-edge  nose- 
down  camber,  although  in  excess  this  can  lead  to 
subsidiary  problems  at  other  flight  conditions. 
However,  at  the  high  end  of  this  speed  range, 
application  of  this  nose  camber  can  increase 
velocity,  and  thus  the  local  shock  strengths,  at 
critical  conditions.  Secondly,  even  when  great 
care  is  taken  not  to  compromise  the  performance 
of  the  wing  section  at  high  speeds  by  modifications 
made  to  improve  the  performance  at  the  lower  speedy 
-  and  this  can  be  first  well  ef-ablished  by  tvo- 
diaensional  tests-,  basic  three-dimensional  effects 
on  the  complete  wing  at  the  higher  speeds  can  result 
in  strong  adverse  effects  at  the  stall  due  to  sue* 
modifications . 

The  case  for  variable  geometry  rests  on  the  basic 
need  to  resolve  the  conflicting  requirements  of 
leading-edge  geometry  across  the  high-subsonic  speed 
range.  In  the  last  section  of  this  paper  the  pos¬ 
sible  use  of  variable  leading-edge  profiles  is 
presented  as  a  means  to  improve  performance  over  a 
wide  range  of  speed,  but  first  the  aerodynamics  of 
leading-edge  slats  at  high  speeds  is  discussed  below. 


FIG  11  SLAT  DESIGNS  DIFFERENT  STATIONS 

ACROSS  SPAN  OF  30  SWEPT  WING 


leading-edge  devices,  when  the  incidence  is  increased  beyond  that  for  separation-onset,  the  shockwave  moves 
forward  towards  the  leading  edge.  Considering  the  wing  as  a  whole,  inboard  of  the  separated  area  the  shock 
front  loses  its  sweepback,  thus  leading  to  an  increase  in  shock  strength  and  encouraging  the  separation  to 
extend  inboard.  With  a  slat  extended,  however,  as  shown  in  fig  13,  the  shock  tends  to  remain  in  a  position 
about  0.1 0-0. 15c  behind  the  slot  exit.  At  higher  Mach  numbers,  when  the  shock  prior  to  separation  is  further 
aft,  it  moves  forward  tinder  the  influence  of  a  separation  to  about  this  position  but  then  again  remains 
stationary  for  a  sizeable  range  of  incidence.  This  is  helpful  in  two  senses:  first,  lift  is  maintained 
over  the  forward  part  of  the  main  wing  ahead  of  the  shock  and  second,  the  shock  retains  its  full  sweepback. 
Also,  as  the  incidence  is  increased,  thg  lift  on  Jhe  slat  itself  continues  to  increase.  A  separate  super¬ 
sonic  region  forms  and  between  <j  =  10.9  and  13.1  ,  this  extends  rearward  towards  the  slat  trailing  edge. 

This  rearward  movement  occurs  first  with  slat  C,  ie,  it  is  influenced  by  the  shape  of  the  main  wing  leading 
edge.  By  a  ■  14.1°,  fig  13b,  even  with  slat  B,  the  flow  is  supersonic  back  to  the  slat  trailing  edge  but 
there  is  still  a  two-shock  system  with  a  pressure-rise  ahead  of  the  step  on  the  main  wing  surface.  With 
slat  C,  on  the  other  hand,  the  slat  shock  moves  onto  the  main  wing  surface  and  coalesces  with  the  second 
shock.  To  judge  from  the  -  a  curves  in  fig  12,  this  is  a  favourable  development  and  so  in  these  respects 
also,  the  shape  of  the  main  wing  surface  for  slat  C  represents  a  distinct  improvement  over  slat  B.  It  should 
perhaps  be  mentioned  however,  that  even  here  one  has  to  compromise  between  requirements  for  different  Mach 
numbers.  At  H  =  0.65,  slat  C  is  to  be  preferred  for  the  reasons  stated;  at  lower  Mach  numbers,  this  applies 
to  a  greater  extent  because  the  peak  suction  near  0.12c  for  slat  B  is  even  greater  and  there  is  a  premature 
separation  due  to  the  adverse  pressure  gradient  behind  this  peak  suction;  at  higher  Mach  numbers,  on  the 
other  hand,  the  strongly  triangular  nature  of  the  pressure  distribution  with  slat  C  leads  to  worse  drag 
characteristics,  the  drag-rise  Mach  number  at  moderate  being  typically  about  0.02  lower  with  slat  C  them 
with  slat  B. 

This  brief  discussion  of  the  results  for  slats  B  and  C  in  figs  12,  13  has  shown  that  in  any  assessment  of 
the  effectiveness  of  a  slat  at  high  Mach  number,  two  incidences  are  of  particular  importance: 

a^i  the  incidence  at  which  the  shock-induced  separation  on  the  main  wing  extends  to  the  trailing  edge, and 

afi:  the  incidence  at  which  the  supersonic  flow  over  the  slat  upper  surface  extends  to  the  slat  trailing 
edge. 

For  a  good  slat  design,  a.  should  be  as  high  as  possible  and  Og  obviously  ghoul d  be  nearly  the  same  value. 

Slats  B  and  C  are  poor  inboth  respects.  Even  with  slat  C,  (a^  -  Og)  =  -3  approximately  and  it  is  arguable 
that  if  supersonic  flow  at  the  slot  exit  has  appeared  by  about  aA»  much  better  control  would  have  been 
exercised  over  the  subsequent  development  of  the  stall.  Further,  if  the  supersonic  flow  over  the  slat  can 
be  achieved  before  a.,  the  total  lift  carried  at  a  would  be  greater.  On  these  arguments,  therefore,  one 
suspects  that  the  optimum  value  for  (a,,  -  Og)  should  be  slightly  positive  and  this  tentative  conclusion 
has  been  borne  out  by  an  extensive,  systematic  research  programme  on  different  slat  designs  using  the  model 
illustrated  in  fig  14.  This  is  a  half-model  wing-fuselage  configuration  where  for  engineering  convenience, 
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FIG- 12  EFFECT  OF  SLATS  AND  DROOPED  NOSE  ON  OVERALL  LIFT  Or  3D  VWN G 


particularly  good  at  K  =  0.65,  the  caxiaim  usable  lift  being  assessed  as  Cj_  =  1.04  as  compared  with  Cl  =  0.34 
at  K  =  0.55  or  Cl  =  0.39  at  H  =  0.71.  Pressure-plotting  tests  showed  that  at  high  lift  at  K  =  0.65,  the 
local  supersonic  region  over  the  forward  upper-surface  of  the  dean  wing  was  well-conditioned  with  a  peak 
suction  near  the  leading  edge  followed  by  a  largely  isentropic  recoapression  back  to  a  relatively  weak  shock. 
It  was  therefore  realised  froa  the  outset  that  it  night  be  difficult  to  obtain  sizeable  iaprovenents  through 
the  use  of  high-lift  devices  and  at  first  Sight  the  results  in  fig  12  do  not  appear  too  encouraging.  Slat 
A  is  dearly  deflected  too  such  and  gives  a  reduction  of  at  least  0.15  in  usable  ■a*,-™-,  lift-coefficient, 
irrespective  of  how  this  is  defined.  Slats  3  and  C  are  more  difficult  to  assess:  pessimistically,  the 
break  in  the  -  a  curve  again  occurs  at  a  lower  than  for  the  dean  wing  but  with  slat  C  at  least,  the 
ultimate  is  higher.  It  is  only  droop  B  that  gives  a  clear  improvement,  by  about  ACj_  =  0.09  of  vhich 

only  0.03  can  be  ascribed  to  the  extra  wing  area.  Referring  to  the  pressure  distributions  in  fig  13,  it 
will  be  seen  that  at  moderate  incidences,  eg  o  =  8.7°  in  fig  13a,  droop  B  produces  two  local  supersonic 
regions, ^the  first  near  the  leading  edge  and  the  second  near  0.10c  but  at  higher  incidences,  eg  a  =  10.9° 
and  13.1  ,  these  link  to  give  an  extensive  peaky  supersonic  region  with  considerable  isentropic  recompres¬ 
sion  ahead  of  the  shock.  The  results  with  droop  B  are  therefore  similar  in  character  to  those  for  the  dean 
wing  but  higher  values  of  CL  for  separation-onset  are  achieved  because  the  supersonic  region  as  can  be 
imagined^  is  more  extensive.  One  should  note  hosever  that  r  results  are  presented  for  droop  B  beyond 
a  =  13.1  .  This  is  because  severe  model  bounce  developed  it  was  impossible  to  obtain  any  steady  read¬ 
ings.  To  judge  from  experience  on  other  models,  the  likely  explanation  ->s  thal  the  shsckuave  moved  forward 
rapidly  and  the  supersonic  region  round  the  leading  edge  failed  to  develop  over  part  of  the  span.  This 
means  that  high  values  of  Cl  for  separation-onset  had  been  achieved  at  the  expense  of  an  abrupt  stall  develop¬ 
ment;  to  make  this  acceptable,  one  would  possibly  have  had  to  introduce  some  variation  in  section  shave 
across  the  span. 

Turning  now  to  slats  B  and  C,  neither  of  these  proved  to  be  an  optimum  configuration  but  nevertheless,  the 
analysis  of  the  results  leads  to  some  important  genera.1  conclusions.  The  shape  and  position  of  the  slat 
itself  is  the  same  in  these  two  cases.  It  is  merely  the  shape  of  the  main  ving  upper  surface  near  and  down¬ 
stream  of  the  slot  exit  that  is  different  (fig  11 ).  With  slat  B,  there  is  a  rapid  change  in  slope  near  0.12c 

and  a  forward  facing  step  corresponding  to  the  finite  trailing  edge  thickness  of  the  slat;  with  slat  C,  the 
change  in  slope  is  eased  by  a  fairing  undercutting  the  step.  This  change  in  geometry  may  appear  to  be  small 
but  the  consequences  are  significant.  Fig  13a  shows  that  even  at  the  moderate  incidence  condition  of  a=  8.7°, 
CL  =  0.7  ie  more  than  0.1  in  CL  below  the  CL  for  separation-onset  for  the  clean  wing,  (Fig  12)  a  strong  shock 
is  already  present  on  the  main  wing  upper  surface  with  both  slats  B  and  C  but  it  has  been  weakened  consider¬ 
ably  by  the  change  from  B  to  C.  With  slat  B,  the  suction  reaches  a  maximum  near  the  step  and  there  is  then 

some  recompression  ahead  of  the  shock  whereas  with  slat  C,  the  fairing  has  eliminated  the  forward  peak  suction, 
and  the  local  upstream  Hach  number  (normal  to  the  shock)  ahead  of  the  shock  is  about  1.26  as  compared  with 
1.41  for  slat  B.  Even  with  slat  C  however,  a  shock-induced  separation  is  clearly  imminent  and  so  one  must 
conclude  that  neither  slat  has  been  successful  in  postponing  separation-onset  relative  to  the  clean  wing. 

It  is  arguable  that  some  improvement  would  have  been  obtained  if  the  fairing  of  slat  C  had  been  gentler  and 
had  extended  over  more  of  a  <:hord.  This  has  immediately  highlighted  two  features  of  a  good  slat  design  for 
high  Mach  number;  the  change  in  direction  imposed  on  the  flow  out  of  the  slot  exit  and  the  curvature  of 
the  main  wing  surface  downstream  of  this  exit  should  both  be  kept  as  small  as  possible.  This  is  equivalent 
to  saying  that  the  rear  of  the  slat  shoiild  be  thin  and  that  the  slat  trailing  edge  should  be  positioned  as 
far  aft  as  possible  eg  at  about  0,1 8c  rather  than  0.12c.  It  is  quite  understandable  that  the  optimum  curva¬ 
ture  of  the  surface  between  0.2  and  0.3c  should  ideally  be  less  than  for  a  good  clean  wing  design;  in  the 
latter  case,  when  the  flow  is  supercritical,  the  effect  of  the  expansion  waves  from  this  part  of  the  surface 
tends  to  be  offset  by  the  incoming  compression  waves  rejected  from  the  forward  sonic  line  but  at  moderate 
incidences  with  the  slat  extended,  the  forward  sonic  point  is  further  aft  and  these  reflected  compression 
waves  will  largely  be  absent. 

It  is  clear  therefore  that  it  is  difficult  but  not  impossible  to  improve  separation-onset  at  high  subsonic 
speeds  by  means  of  a  slat.  Slats  B  and  C  do  not  achieve  this  but  they  cure  effective  in  controlling  the 
subsequent  development  of  the  separation.  As  d«-cribed  in  Section  2  above,  with  a  clean  wing  with  no 
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FIG.  14  VARIABLE  SWEEP  WPJG  TOR  SLAT/ FLAP  RESEARCH 

apparently  produced  an  improvement.  Analysis  of 
the  pressure  plotting  data  showed  that  this  was 
because  the  only  significant  change  as  the  gap  was 
reduced,  was  in  the  pressures  on  the  lower  surface 
of  the  slat.  These  pressures  increased  thus 
giving  more  lift  on  the  slat,  but  presumably,  if  06r 
the  gap  were  decreased  further,  adverse  effects  [ 

would  begin  to  appear.  Thus  once  again,  the 
lesson  is  that  at  the  higher  Mach  nuabers,  the  05 
changes  with  any  geometrical  variable  are  no 
longer  monotonic. 


In  the  discussion  in  this  section  so  far,  the 
results  have  been  analysed  on  a  quasi-two- 
dimensional  basis.  With  increasing  Mach  number 
and/or  sweepback  however,  three-dimensional 
effects  become  important  and  this  can  be  illus¬ 
trated  by  presenting  some  results  for  the  same 
model  at  35  sweepback.  Tests  were  made  on  the 
slat  and  droop  (slat,  slot  closed)  configurations 
shown  in  fig  16.  Results  for  the  mid-  semi-span 
pressure-plotting  station  A  are  presented  for 
slat  1  in  fig  17  and  in  general  terms  ad  though 
not  in  detail,  this  again  illustrates  the  ability 
of  the  slat  to  control  the  development  of  the 
flow  separation.  A  shock-induced  separation 
babble  at  the  foot  of  the  shock  is  first  observed 
in  condition  2}  this  extends  back  to  the  trail¬ 
ing  edge  by  condition  3 5  the  supersonic  region 
on  the  slat  extends  back  to  the  trailing  edge  of 
the  slat  by  condition  4;  the  coalescence  of  the 
two  shocks  occurs  near  condition  5  and  some  lift 
is  maintained  on  the  mean  wing  ahead  of  the  shock 
up  to  beyond  condition  6.  The  shockwave  is  held 
behind  *he  si0t  exit  and  thus  retains  a  sweep 
near  35° i  the  shock-induced  separation  tends  to 
roll  up  into  a  swept  bubble  or  vortex-type  flow 
and  this  leads  to  an  improvement  in  the  pressure 
recovery  near  a  =  14  between  conditions  5  and  6 
and  thus  to  the  increase  in  lift-curve  slope  in 
this  range.  The  important  extra  feature  in  these 
results  for  35°  sweep  however  is  the  span wise 
variation  in  slat  effectiveness  as  shown  in  fig 
18.  At  the  lower  Mach  numbers  such  as  M  =  0.5, 
it  is  not  unexpected  to  find  that  the  slat  is 
successful  in  coping  with  the  premature  tip¬ 
stalling  tendency  of  the  clean  wing  but  the  more 
surprising  results  are  those  obtained  at  high 
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Tie  resalts  obtained  at  25°  sweep  are  summarised  in 
fig  15.  Tie  iacrenests  ia  naasaam  asaSle  aoeazl 
farce  MEg  (measured  by  tie  balaac e  bet  assessed  on 
tie  pressure  plotting  evidence)  are  platted  against 
tie  protect  (xjg.g)  and  arm  drawn  through  points 
far  a  given  slat  deflection  &.  Tie  symbols  are 
defined  in  tie  sketch  in  tie  figere.  At  K  *  0.5, 
a  reasonable  csssdntfsa  is  obtained  stewing  that 
within  the  range  tested  bat  not  necessarily  oat side 
this  range,  increasing  deflection,  extension  and 
gap  tend  to  increase  ACj.  At  H  *  0.65,  however, 
it  is  a  more  complicated  story.  The  best  results, 

—  0.2  are  obtained  as  suggested  above  fgr  coag 
figurations  giving  —  ag)  in  the  range  0°  to  2°. 
Increasing  the  slat  deflection  and  extension  are 
only  helpful  while  —  ag)  retains  in  this  range; 
ultimately,  (eA  -  a g)  becomes  negative  and  the  slat 
effectiveness  then  decreases.  This  is  shown  parti¬ 
cularly  by  the  sequence  of  results  far  (xj£.g)  —  16 
shoving  g  redaction  in  ACg  as  8  is  increased  from 
5  to  15  ,  this  increase  is  {,  reducing  the  loading 
on  the  slat  at  a  given  incidence,  thus  increasing 
and  reducing  (oA  —  <0.  The  best  slat  designs 
give  improvements  of  about  AO^  =  0.2,  a  notable 
achievement  relative  to  the  results  far  slats  B  and 
C  discussed  earlier  since  we  are  still  considering 
the  sans  Mach  mwber  (0.65),  the  same  sweepback  (25°) 
and  a  similar  thickness/ chord  ratio.  Another 
interesting  point  of  detail  about  the  restllts  in 
fig  15  is  that  the  reduction  of  the  slat  gap  has 
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FIG  16  TYPICAL  SLATS  TESTED  ON  RESEARCH  WING 


Hach  number  where  the  slat  is  relatively  ineffective 
near  the  tip  but  strongly  effective  near  the  root. 


FIG.  17  FLOW  DEVELOPMENT  NEAR  MID-SEMISRAN 
WITH  TYPICAL  SLAT 


Extending  a  slat  can  therefore  be  used  to  control  not 

merely  the  forward  but  also  the  inward  development  of  the  area  of  flow  separation. 


The  reasons  for  the  variation  in  slat  effectiveness  across  the  span  at  high  Hach  number  are  not  entirely  clear 
but  analysis  of  the  pressure  plotting  results  has  shown  that  again,  the  trend  can  be  interpreted  in  terms  of 
the  parameter  (“r  -  <*b).  As  noted  earlier,  aA  depends  primarily  on  the  suctions  generated  in  the  supersonic 
region  aft  of  the  slot  exit  but  typically,  ahead  of  the  wing  maximum  thickness.  The  suctions  in  this  region 
are  likely  to  be  higher  and  as  a  consequence,  oA  lower  on  the  outer  wing.  Also,  the  results  have  shown  that 
aB  is  lower  on  the  inner  wing;  the  impression  seems  to  be  that  on  the  outer  wing,  the  rearward  movement  of 
the  slat  shock  towards  the  trailing  edge  is  delayed  by  a  local  flow  separation  over  the  rear  of  the  slat. 

It  follows  that  on  both  counts,  (aA  -  Og)  tends  to  be  positive  on  the  inner  wing  and  negative  on  the  outer 
wing.  Clearly,  one  would  welcome  a  better  result  on  the  outer  wing  than  that  obtained  with  slat  1  because 
separation-onret  for  the  wing  as  a  whole  will  be  at  a  lower  at  high  Hach  number  than  for  the  deem  wing, 
but  on  the  other  hand,  even  when  this  happens,  the  slat  still  retains  its  ability  to  control  the  develop¬ 
ment  of  the  separation  as  shown  graphically  by  the  shape  of  the  -  a  curves  for  H  =  0.80  in  fig  18. 

The  overall  results  for  all  the  configurations  at  35°  sweep  are  presented  in  fig  19.  It  will  be  seen  that 
substantial  improvements  are  achieved  at  H  =  0.50  and  even  more  so,  in  the  case  of  slat  1,  at  H  =  0.65  but 
there  is  then  a  deterioration  at  the  higher  Hach  numbers.  This  figure  has  however  been  included  not  so  much 
to  show  the  actual  increments  i;_  usable  lift  due  to  each  configuration  but  to  illustrate  that  with  the  slats 
particularly,  because  of  the  gradual  development  of  the  flow  separations,  it  may  be  impossible  to  quantify 
these  increments  merely  on  the  basis  of  the  breaks  in  the  overall  Cj,  (or  Cjj)  curves.  To  take  for  example 
the  results  for  slat  1  at  H  =  0.75,  one  would  certainly  not  expect  the  maximum  usable  Cjf  to  be  better  than 
about  Cjj  =  1.18  just  past  the  major  break  in  the  Cjj  -  a  curve  but  an  analysis  of  the  pressure  plotting  data 
and  the  unsteady  output  from  wing  root  bending  moment  gauges  suggest  that  moderate  buffet,  and  hence 
possibly  an  operational  limit,  may  be  as  low  as  Cj.  =  0.97  or  only  0.10  above  the  assessed  value  for  the 
clean  wing.  Setting  the  limit  at  this  point  would  imply  reverting  to  condition  3  on  fig  17.  This  may 
appear  contradictory  in  that  one  it  not  taking  advantage  of  the  ability  of  the  slat  to  maintain  lift  over 
the  forward  part  of  the  w'r.g  up  to  condition  6  but  this  is  not  so  because  the  performance  of  the  wing  as 
a  whole  is  being  degraded  by  what  is  happening  outboard  of  station  B.  It  is  worth  pointing  out  that  the 
adverse  effects  on  the  outer  wing  may  be  particularly  pronounced  in  this  example  because  the  results  have 
been  obtained  for  an  untapered  wing  with  a  far  from  ideal  tip  shape.  In  practice,  with  a  real  aircraft, 
having  a  tapeied  wing,  some  twist  and  a  properly  designed  planform  and  section  shape  near  the  tip,  the 
adverse  effects  could  be  much  less  pronounced  and  then,  one  would  be  able  to  capitalise  on  the  separation 
control  evident  at  station  B. 


To  summarise,  a  slat  designed  with  careful  attention  to  the  shape  of  the  main  wing  surface  near  and  down¬ 
stream  of  the  slot  exit  can  improve  separation-onset  except  possibly  near  the  tip  up  to  quite  high  Hach 
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njabers  but  the  main  virtue  of  a  slat  at  high  Mach  mmber  is  in  controlling  the  forward  and  inward  spread 
of  the  flow  separation  and  thus,  inprovirg  the  buffet  penetration  qualities.  The  more  it  is  successful  in 
this  aim,  the  more  uncertain  becomes  the  assessment  of  the  true  «axi*un  usable  lift.  More  research  is 
needed  on  this  point. 


FIG  19  EFFECT  OF  SLATS  (AND  DROOP)  ON  USEABLE  LIFT  35*  SWEEP 


4  THE  USE  OF  VARIABLE  GEOMETRY  WING  PROFILES 

After  all  that  has  been  said  in  the  preceding  sections  the  advantages  of  being  able  to  change  the  actual 
profile  shape  at  will  to  suit  the  various  aerodynamic  conditions  as  they  arise  at  different  points  in  the 
flight  envelope  are  fairly  obvious.  We  are  a  very  long  way  off  from  this  ideal  situation,  of  course,  but 
a  small  advance  has  been  made  by  the  recent  development  within  the  UT  of  a  linkage  system  able  to  control 
surface  shape  locally  from  within  the  wing.  This  device  has  been  called  the  'Royal  Aircraft  Establishment 
Variable  Aerofoil  Mechanism'  or  'RAEVAM*  for  short,  (Patent  rights  have  been  filed  under  Patent  Application 
No  27787/69). 

4,1  The  RAEVAM  Device 

The  starting  point  for  this  idea  was  the  development  of  a  new  type  of  variable  liner  for  the  working  section 
of  a  supersonic  tunnel  at  RAE4  to  meet  a  requirement  for  a  fast  and  accurate  system  to  use  in  conjunction 
with  a  'dynamic  simulator'5.  Fig  20  shows  the  finished  system  now  in  operation.  The  flexible  walls  of  the 
working  section  are  positioned  by  a  large  number  of  stiff  links  pivoted  at  one  end  at  points  along  the  walls 
and  at  the  other  on  rigid  earth-frames.  The  forward  and  rear  ends  of  each  flexible  wall  are  free  to  slide 
fore  and  aft  at  the  points  where  they  blend  with  the  fixed  walls  of  the  nozzle,  and  suitable  sliding  joints 
have  been  designed  to  avoid  any  disturbances  locally.  The  lengths  of  the  links  and  the  position  of  the 
pivots  on  the  earth-frame  were  chosen  so  that, as  the  flexible  walls  are  moved  fore  and  aft  by  means  of  a 
hydraulic  jack,  the  required  range  of  liner  shapes  is  formed.  The  geometry  of  the  linkage  system  is  in 
fact  completely  determined  by  specifying  the  exact  shape  of  the  walls  required  at  three  specific  points  in 
the  range,  but  choosing  these  points  with  care  it  was  found  in  practice  that  the  liner  shape  between  these 
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desiga  joists  game  as  good  quality  ttaaad  flow  at 
istewotifiate  Bae*  rxinftays  as  aefcrewi  normally  vitt 
fisef  laser  Maries. 

IfcSs  jriacijle  b*s  saw  tees  applied  to  the  surface 
profiles  of  wings.  Is  this  paper  tie  are  csoceroed 
tdtih  duages  of  profile  at  tie  leafing  edge,  atai 
ia  particular  vitfa  tie  need  to  «rjr  tie  stipe  is 
lids  regies  through  tie  hi  si  subsonic  speed  raage 
to  ispru*we  lift  performance  at  the  stall.  A 
typical  installation  is  show  ia  Fig  21.  the  lead¬ 
ing  edge  is  caercaicntly  left  solid  asd  is  coo- 
strained  by  the  arm  *A*  to  rotate  about  some  point 
P.‘  the  rest  of  the  skin  is  made  flexible  and  is 
constrained  in  shape  by  means  of  a  series  of  links 
pivoted  at  the  underside  of  the  skin  at  one  end  and 
at  various  points  on  an  extension  to  the  main  spar 
at  the  other.  The  ends  of  the  flexible  skin  slide 
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in  sealed  joints  where  they  blend  with  the  main 
fixed  parts  of  the  ving  profile.  Variation  of  the 
profile  shape  is  achieved  by  means  of  a  single 
jack,  *J*f  rotating  the  leading  edge  frame,  pivoted 
at'Pj  As  with  the  wind-tunnel  liner,  the  lengths 
and  pivot  positions  of  the  links  are  determined  by 
specifying  three  precise  nose  shapes  required.  In 
the  studies  we  have  made  so  far,  we  have  generally 
taken  one  of  these  shapes  as  that  extrene  droop 
position  needed  for  low-speed  Cjm?r  and  the  other 
two  as  those  needed  to  meet  two  particular  require¬ 
ments  of  high-lift  performance  at  high  speeds. 

The  variation  of  profile  shape  between  these  design 
points  is,  of  course,  always  smooth  and  progressive 
and  appears  to  raise  no  problems  in  practice. 

There  are,  however,  some  practical  constraints  to 
consider.  For  instance,  the  position  of  the  pivots 
at  the  fixed  ends  of  the  links  oust  lie  within  the 
profile,  but  the  links  can  be  allowed  to  cross 
each  other  so  there  is  a  surprising  amount  of 
design  freedom  to  accommodate  the  types  of  profile 
change  typically  required. 


Fjg.20.Mechanism  used  in  R.AE.  I8insxl8ins  supersonic  tumel 
for  the  rapid  and  accurate  variation  of  mach  number 

(Based  on  the  PAEVAM  principle)  ...  ...  ,  , 

Several  variations  to  this  first  simple  mechanism 

described  above  are  possible,  but  need  no  more  than 

a  mention  here.  It  is  perhaps  worth  noting  that  the  system  shown  in  Fig  21  always  implies  a  shortening  of 

the  chord  as  profile  nose-down  camber  is  increased.  The  installation  shown  in  Fig  22  however,  shows  how 

with  the  small  extra  complication  of  an  extra  motion  controlled  by  a  second  jack,  some  forward  extension  of 
the  leading-edge  can  be  included  in  the  variable  geometry.  Other  subsidiary  motions  can  include  rotation 
of  the  whole  leading  edge  about  a  second  pivot  as  shown  in  Fig  23.  In  this  case  only  one  sliding  joint  is 

needed  at  the  blend  point  between  the  flexible  and  fixed  areas  of  the  skin. 
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Fig  21  RaEVAM  Mechanism  for  flexible  leoding-edge  section  of  oerofoil 
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Fig.22  Combination  of  flexible  nose  section  with  sliding  movement 
4.2  Aerodynamic  Considerations 

If  we  refer  bade  for  a  moment  to  Fig  1  in  this  paper  it  is  interesting  to  speculate  on  what  variable-geometry 
device  such  as  KASVAH  can  do  to  improve  performance  at  the  stall  over  the  high-subsonic  spaed  range.  The 
three  typical  pressure  distributions  quoted  before  are  given  again  in  Fig  24  and  the  diagrammatic  effects  of 
nose  droop  are  sketched  in  with  dotted  lines.  At  the  low  end  of  the  speed  range,  the  height  of  the  leading- 
edge  suction  peak  and  the  strength  of  the  associated  shock  wave  can  be  effectively  reduced  by  nose-down 
changes  to  the  leading-edge  profile.  This,  as  we  have  seen  previously  is  beneficial  since  the  incidence  for 
the  stall  is  increased  and  hence  the  value  of  Cr^aY  achieved.  At  the  high  end  of  this  speed  range  the  appli¬ 
cation  of  small  nose-up  changes  in  profile  can  counteract  the  basic  tendency  for  triangular  types  of  super¬ 
critical  pressure  distribution  to  arise.  Hot  only  can  prescribed  peaks  at  the  start  of  the  supercritical 
region  be  induced  to  appear  to  improve  the  local  lift  directly,  but  the  whole  of  the  development  of  the  super¬ 
critical  flow  up  to  the  shock  can  be  manipulated  by  this  means.  For  the  same  shock  strength  considerably 
more  lift  can  thus  be  carried  by  the  proper  use  of  such  profile  modifications.  At  intermediate  Hach  numbers, 
however,  provided  the  original  profile  design  was  a  reasonably  good  one,  there  is  probably  little  that  can 
be  done  directly  by  the  use  of  shapes  generated  by  the  SAEVAM  device.  Down-droop  of  the  leading-edge  will 
basically  tend  to  strengthen  the  shock  (at  fixed  incidence)  and  up-droop  will  tend  to  make  the  supercritical 
pressure  distribution  too  'peaky*,  the  latter  resulting  perhaps  in  multi-shock  systems  and  (at  best)  worse 
boundary-layer  conditions  at  the  main  shock  and  further  aft  along  the  wing  chord.  In  practice  it  has  been 
found  that  the  benefits  of  nose-down  droop  at  the  lower  Hach  numbers  and  of  nose-up  drocp  at  the  higher  Hach 
numbers  can  overlap  in  the  speed  range,  thus  avoiding  these  difficulties  at  intermediate  conditions. 

On  the  complete  wing,  as  we  have  seen  in  earlier  parts  of  this  paper,  there  is  not  only  a  need  for  a  varia¬ 
tion  of  leading-edge  profile  with  Hach  number,  but  variation  is  also  desirable  across  the  wing  span  to  cope 
with  the  strong  three-dimensioned  effects  which  can  arise  at  near-stalling  conditions.  This  raises 
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Fig.24  The  diagramatic  effects  of  'Roevam'  down -droop  and 
up-droop  at  the  leading-edge  on  the  basic  types  cl 
pressure  distribution  shown  in  Fig  I 

improved  over  all  the  range  of  high  subsonic  Mach 
number  from  M  =  0.5  to  M  =  O.75. 

Figs  26  and  27  show  some  samples  of  the  pressure 
dis- -  :.butions  measured  during  these  tests.  In  Fig 
26,  v. s  small  nose-up  droop  variation  was  adverse  at 
M  =  .  -  6  as  expected,  the  shock  being  strengthened 
and  moved  forward  on  the  chord  (note  also  the 
deterioration  of  the  trailing-edge  pressure).  At 
M  =  O.75  this  change  in  the  profile  geometry  was 
beneficial,  extra  suctions  being  developed  before 
the  shock  which  itself  was  virtually  unaffected  in 
strength.  There  was  even  a  small  improvement  in 
trailing-edge  pressure  recovery.  In  Fig  27,  the  5 
down-droop  variation  in  geometry  both  lowers  and 
spreads  the  suction  peak  as  expected  at  M  =0.5 
resulting  in  an  increase  in  stalling  incidence  and 
cLmax*  At  M  =  0.7,  however,  the  effects  are  adverse 
since  the  main  shock  is  considerably  strengthened  at 
constant  incidence  resulting  in  earlier  flow  separa¬ 
tions  as  incidence  is  increased. 

From  this  initial  pilot  set  of  measured  data,  it  can 
be  said  that  the  use  of  this  variable-geometry 
device  shows  great  promise  in  the  context  of  the 
aerodynamic  problems  discussed  in  this  paper. 

Studies  in  connection  with  the  use  of  this  device  to 
improve  at  low  speeds  are  proceeding  in  paral¬ 

lel  with  further  work  at  high  speeds,  and  a  review 
is  being  made  of  the  structural  problems  likely  to 
arise  in  the  incorporation  of  the  device  on  an 
actual  aircraft  wing. 

5  CONCLUSIONS 


engineering  complications  in  the  use  of  any  saving 
leading-edge  device,  bat  it  is  comforting  to  note  fraa 
the  preceding  discussion  oa  the  use  of  slats  that 
leading-edge  devices  can  change,  and  thus  be  used  to 
control,  the  spanwise  developsent  of  flow  separation 
even  when  no  spanwise  grading  of  the  geometry  is 
employed.  Perhaps  the  best  approach  to  the  problems 
of  spaswise  variation  in  stalling  behaviour  at  high 
speeds  lies  initially  in  the  spanwise  variation  of 
the  shape  and  thickness  of  the  basic  profiles  used 
in  the  wing  design  coupled  with  some  incorporation  of 
wing  twist  and  a  proper  use  of  the  inevitable  effects 
of  aeroelastic  distortion,  however,  a  United  degree 
of  spanwise  variation  in  the  settings  of  variable- 
geometry  devices  nay  be  desirable  in  addition  to  this. 
Continuous  variation  of  such  settings  across  the  span 
should  not  be  ruled  out  in  the  future  as  we  become 
more  and  more  able  to  cope  with  the  engineering 
complications  involved,  but  for  the  present  we 
probably  have  to  content  ourselves  with  discontinuities 
across  the  span  which  bring  with  them  their  own 
problems. 


4.3  Recent  test  results  at  high  speeds 


The  data  shown  in  Figs  25,  26  and  27  have  been  included 
to  demonstrate  the  use  of  the  RAEVAK  device  at  high 
speeds  to  improve  the  stall  boundary  of  a  wing  profile. 
The  section  used  with  the  leading-edge  modifications 
tried  is  shown  at  the  bottom  of  Fig  25.  The  solid 
leading-edge  piece  was  restricted  to  2%  chord  in  this 
case  and  a  blend-point  with  the  main  profile  shape  was 
selected  at  18%  chord.  The  shapes,  which  were  tested 
in  the  2ft  x  lift  tunnel  at  PAE,  were  compatible  for 
the  pivot  position  shown  with  a  practical  linkage 
system  of  the  type  shown  in  Fig  21.  The  results  of 
the  5°  -down  and  Ij  -up  modifications  to  the  section 
are  given  in  the  top  figure  and  show  how  the  benefits 
achieved  at  low  speed  and  high  speed  overlap  in  the 
speed  range  near  H  =  0.65.  The  inference  from  this 
figure  is  quite  clear:  the  whole  boundary  has  been 
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This  paper  has  emphasized  by  means  of  some  recent 
examples  of  research  work  the  critical  importance  of 
the  geometry  of  the  leading  edge  as  regards  the 
stalling  characteristics  of  wings  at  high  subsonic 
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Fig  25  Stoll  boundory  from  tunnel  tests  on  a  family  of 
nose  shopes  generated  from  basic  section  'C'  using 
the  Raevam'  device 
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Fig27  Effect  of  Paevam,  down- droop  ot  the  leading-edge 
on  wing  section  'c'  at  fixed  incidence 


speeds.  To  match  performance  over  a  range  of  these 
speeds  some  use  cC  variable  geometry  is  needed  and 
the  use  of  devices  such  as  leading-edge  slats  raise 
their  ovn  problems  of  making  compromises  across  the 
speed  range.  More  work  is  wanted  to  enclarge  our 
understanding  of  the  particular  supercritical  aero¬ 
dynamic  flows  associated  with  the  use  of  such 

devices  in  both  two-dimensional  and  three-dimensional  situations.  In  parallel  with  this  i3  the  need  to 
develop  better  devices  fundamentally  more  suited  to  the  basic  design  processes  of  wings  and  more  able  to 
cope  with  the  complexities  of  the  flows  which  develop  near  leading  edges  at  high  incidence  at  these  high 
speeds. 


Fig.26The  effect  of  Roevom  up-droop  ot  the  leading  -  edge 
on  wing  section  'C'  at  fixed  incidence 
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sweepback  angle  of  wing 

chord  of  wing  section 

mean  chord  of  wing 

no.  mal-force  coefficient 

lift  coefficient 

surface  pressure  coefficient 

static  pressure 

total  pressure,  free  stream 

Mach  number 

angle  of  incidence 

distance  along  wing  chord 

proportion  of  wing  semi— span 

angu’ar  rotation  of  slat,  dec 

slat  gap,  at  slat  trailing  edge,  %  chord 

forward  extension  of  slat  trailing-edge,  %  chord 
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A  PRACTICAL  LOOK  AT  THE  STALL  AND  HIGH  LIFT  OPERATION  OF 
EXTERNALLY  BLOKS  FLAP  STOL  TRANSPORT  CONFIGURATIONS 
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Air  Force  Flight  Dynamics  Laboratory 
Wright-Pattersoc  AFB,  Ohio  45433, USA 
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This  paper  considers  *cce  practical  design  aspects  of  the  stall  of  powered-lift  aircraft  having 
externally  blown  flaps.  Techniques  are  examined  for  predicting  the  increment  in  naxinuo  lift  coefficient 
due  to  power.  Numerical  results  are  presented  for  an  existing  theory  based  on  the  assumption  of  a  leading- 
edge  stall  and  the  use  of  basic  jet-flap  theory.  The  accuracy  of  the  theory  is  better  than  might  be  ex¬ 
pected,  and  an  empirical  factor  is  added  to  produce  good  correlation  with  measured  values.  A  completely 
empirical  approach  It  shown  to  be  effective  as  a  simple  technique  to  provide  quick  approximations  to  the 
increment  in  naxiru-  lift  coefficient. 


An  externally  blown  flap  configuration  is  characterized  by  large  asymmetric  forces  and  moments 
as  a  result  of  an  engine  failure.  The  lateral  control  system  is  thus  a  critical  factor  in  determining  the 
usable  lift.  A  comparison  is  made  of  the  impact  of  various  control  concepts  on  stall  and  the  usable  lift. 
It  is  concluded  that  the  cost  effective  single  control  is  boundary  layer  control  ailerons  with  super¬ 
critical  blowing. 

Available  NASA  STOL  'light  test  data  indicate  that  a  smaller  stall  margin  is  required  than  is 
common  in  conventional  practice.  The  normal  acceleration  response  of  externally  blown  flap  aircraft  to  a 
step  gust  is  shown  to  be  alcost  constant  as  airspeed  is  reduced.  A  basic  stall  margin  of  0.3g  load  factor 
margin  is  suggested  to  replace  the  conventional  speed  margin. 

A  consequence  of  the  discussion  of  the  factors  involved  is  to  show  that  max.num  lift  coefficient 
and  the  stall  of  an  externally  blown  flap  system  cannot  be  optimized  independently,  but  must  be  considered 
as  an  integral  part  of  the  total  vehicle  design.  Great  emphasis  must  be  placed  on  the  design  of  the  lead¬ 
ing-edge  device  and  the  lateral  control  system  in  order  to  effectively  use  the  capabilities  of  the  extern¬ 
ally  blown  flap  system. 


LIST  GF  SYMBOLS 


AR 


Aspect  Ratio  ,  f. 

Jet  momentum  coefficient  “  ^ — cone"sU° - —  for  jet  flaps,  or  effective  blowing 

coefficient  =  nCu  for  externally  blown  flaps 

Lift  coefficient  = 

qb 

Maximum  lift  coefficient 
Gross  thrust  coefficient 


thrust 

qS 


Freestream  dynamic  pressure 
Normal  acceleration,  g's 
Reference  wing  area 
Velocity 
St^ll  speed 


Minimum  flight  speed 


Special: 


AC. (o  ) 
*-»  u 


Angle  of  attack  (radians) 

Power-off  stall  angle  of  attack  (radians) 

Denotes  an  incremental  quantity 
Effective  jet  deflection  angle  (radians) 

Flap  deflection 

Measured  turning  efficiency  of  externally  blown  flaps 


Increment  in  C,  due  to  C 
L  U 


AC. 


,  (C  )  Increment  in  C, 

L  u  L 

max  max 


due  to  C 


C.  (C  =0) 
L  u 
a 


Power-off  lift  curv?  slope  (per  radian) 


1.  INTRODUCTION 

For  conventional  air  -aft,  take-cff  or  landing  speeds  can  be  set  at  some  factor,  such  as  1.2  or 
1.3,  times  the  stall  speed.  Also,  as  a  simplification,  the  flap  system  design  can  be  optimized  to  give 
maximum  lift  for  landing  and  •  gh  lift  with  low  drag  for  take-off  almost  independent  of  the  airplane  de¬ 
sign.  CiOL  aircraft  powerod-iift  adds  another  dimension  to  be  considered,  and  has  been  utilized  for 

some  time  in  the  form  of  propeller  slipstream  effects.  With  the  current  trend  in  transport  design  being 
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almost  exclusively  towards  turbofan  engines  (their  amenability  to  noise  treatment  being  no  sm3ll  consider¬ 
ation),  a  popular  STOL  concept  is  the  externally  blown  flap  configuration,  as  illustrated  in  Figure  1. 

This  concept  is  not  new  but  is  only  now  approaching  use  in  a  flight  vehicle  and  solutions  are  currently 
being  sought  to  the  detail  design  problems.  There  is  strong  dependence  of  the  aerodynamic  forces  and 
moments  on  thrust,  as  well  as  cross-coupling  of  the  forces  and  moments  between  axes.  The  apparent  sim¬ 
plicity  of  the  externally  blown  flap  concept  leads  to  a  complex  design  problem,  some  aspects  of  which  are 
considered  herein. 

During  the  past  15  years  a  number  of  reports  on  the  externally  blown  flap  concept  have  been  pub¬ 
lished  by  NASA.  Tnese  reports  contain  considerable  test  information  but,  until  recently,  there  was  no 
systematic  variation  of  design  variables  during  the  experiments.  The  available  data  resulted  from  measure¬ 
ments  on  a  variety  of  model  configurations.  Nevertheless,  representative  ranges  of  sweep  angle,  aspect 
ratio,  etc.,  have  been  tested.  A  systematic  investigation  of  the  externally  blown  flap  concept  has  been 
initiated  by  NASA  an.':  the  Air  Force,  but  few  of  these  results  are  available,  as  yet.  In  addition,  most 
major  airframe  companies  are  actively  studying  this  concept  but  the  majority  of  their  results  are  propri¬ 
etary  and  not  generally  available.  Specific  data  used  in  this  paper  will  be  limited  to  those  which  are 
readily  available. 

The  premise  of  this  paper  is  that  the  actual  achievement  of  a  high  lift  coefficient  is  not  the 
major  design  criterion.  Rather  the  criterion  of  design  performance  for  a  safe,  practical,  operational 
STOL  transport  should  be  the  amount  of  USABLE  lift  available  considering  engine  failure,  atmospheric  tur¬ 
bulence,  etc.  This  paper  examine-  each  of  the  following  topics: 

1)  The  mechanics  of  maximum  lift  for  externally  blown  flap  configurations 

2)  The  control  problems  associated  with  powered-lift  stall 

3)  The  flight  operational  problems  of  high  lift 

The  discussion  will  consider  how  these  factors  are  related  for  externally  blown  flap  configurations. 

2.  MAXIMUM  LIFT  COEFFICIENT  OF  EXTERNALLY  BLOWN  FLAP  CONFIGURATIONS 

Although  the  usable  lilt  coefficient  is  considered  to  be  the  more  important  design  parameter,  a 
method  for  estimating  the  maximum  lift  coefficient  is  still  required.  Reference  1  presents  a  theory  for 
estimating  the  maximum  lift  coefficient  of  wings  with  high  lift  devices.  A  leading-edge  stall  was  assumed 
in  order  to  fix  the  loading  at  one  point  on  the  wing  in  the  region  of  the  leading  edge.  The  flapped  wing 
was  assumed  to  stall  at  the  same  local  loading  value  as  the  unflapped  wing,  so  that  the  maximum  lift  co¬ 
efficient  of  the  flapped  wing  could  be  related  to  the  maximum  lift  coefficient  of  the  unflapped  wing. 
Reference  2  extended  this  theory  to  obtain  an  expression  for  the  simultaneous  effect  of  jet  flap  blowing 
and  flap  deflection  on  maximum  lift  coefficient.  The  current  paper  takes  the  approach  that  power-off 
flapped  data  are  available  and  a  method  is  required  to  estimate  the  effects  of  blowing.  The  increment  in 
maximum  lift  coefficient  due  to  blowing  at  a  constant  flap  deflection  can  readily  be  extracted  from  Ref¬ 
erence  2  (with  a  change  in  notation)  to  give: 

icL  (v  =  K<v 

max 


This  simple  expression  indicates  that,  at  a  constant  flap  deflection,  the  i icrement  in  maximum  lift  co¬ 
efficient  due  to  blowing  is  three-quarters  of  the  increment  in  lift  coeff  cient  due  to  blowing.  The  lift 
increment  to  be  used  in  Equation  (1)  is  the  value  at  the  power-on  stall  aigle  of  attack,  as  illustrated 
in  Figure  2.  This  figure  also  indicates  that  there  is  a  reduction  in  stall  angle  of  attack  given  by: 


Aa  -4"WV 

s  w 


(2) 


Substituting  the  theoretical  expression  for  the  two-dimensional  lift  increment  developed  by 
Spence  (Reference  3)  into  Equation  (1)  and  usir.g  Equation  (2)  to  .elate  the  result  to  the  power-off  stall 
angle  of  attack,  an  equation  for  the  increment  in  maximum  lift  coerficient  due  to  blowing  results. 


AC, 


,  (C  )  =  3a 
L  U 
max 


B0as  +  I)0sl 


(3) 


where  as  is  the  power-off  stall  angle  of  attack  and  6  is  the  effective  jet  deflection  angle  (a  function 
of  the  flap  deflection).  For  externally  blown  flaps,  B0  is  a  function  of  the  effective  blowing  co¬ 
efficient,  C j ,  and  D0  is  a  function  of  Cj  and  a  developed  flap  chord  ratio  which  takes  into  account  any 
Fowler  motion.  Expressions  for  B0  and  D0  are  given  by  '"pence  in  Reference  3.  The  change  in  stall  angle 
of  attack  associated  with  the  lift  increment  of  Equation  (3)  is  given  by: 


Aa 

s 


1 

2 


Boas  +  V 
1  +  B0/2 


(4) 


Leading-edge  devices  generally  increase  the  power-off  stall  angle  of  attack  and  Equation  (3)  illustrates 
the  resulting  benefit  in  increased  maximum  lift  capabfity.  Equation  (3)  alsi  demonstrates  that  the»e  is 
an  increment  in  maximum  lift  coeffi'ient  due  to  blowing  even  at  zero  flap  defection. 


Equation  (3)  has  been  used  to  calculate  the  theoretical  inrr-„,ent  in  maximum  lift  due  to  blow¬ 
ing  for  a  number  of  externally  blown  flap  configurations  (Referen  es  4—9) ,  with  flap  deflections  from 
zero  to  70°  and  blowing  coefficients  up  to  3.  The  measured  values  of  power-off  tall  angle  of  attack, 
static  turning  efficiency  and  effective  jet  deflection  angle  were  used  for  each  configuration.  The 
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span  loading  of  an  externally  blown  flap  configuration  will  differ  considerably  from  an  elliptical  distri¬ 
bution,  and  it  is  suggested  that  maximum  lift  coefficient  may  correlate. better  with  the  three-dimensional 
lift  increment.  The  results  given  by  Equation  (3)  have,  therefore,  been  corrected  for  finite  aspect 
ratio  effects  using  the  correction  factor  developed  by  Haskell  and  Spence  in  Reference  10.  Figure  3  shows 
that  the  aspect  ratio  correction  worsens  the  agreement  but  reduces  the  data  scatter  slightly.  This  ap¬ 
proach  will  be  used.  ' 

:  , 

It  is  easy  to  find  reasons  why  the  theory  behind  Equation  (3)  should  not  apply  to  a  practical 
externally  blown  flap  configuration.  Again  it  is  pointed  out  that  the  theory  assumes  a  leading-edge  stall, 
and  Reference  1  suggests  that  "it  may  well  be  easier  to  predict  maximum  lift  coefficient  in  the  presence 
of  a  powerful  trailing-edge  flap  than  it  is  for  clean  aerofoils."  This  could  be  true  for  plain  leading 
edges.  In  practice,  however,  the  use  of  a  powerful  trailing-edge  flap  promotes  t.he  use  of  a  powerful  or 
very  effective  leading-edge  device  to  delay  .leading-edge  stall.  In  addition  an  externally  blown  flap  con¬ 
figuration  is  characterized  by  highly  localized  blowing  effects  near  inboard-located  engines  in  a  wing 
configuration  that  has  highly  loaded  inboard  sections.  These  factors  tend  to  promote  stall  from  the  put- 
board  trailing  edge.  This  reasoning  is  supported  by  measurements  of  the  effectiveness  of  conventional 
outboard  ailerons  on  a  typical  externally  blown  flap  configuration,  for  example  Reference  7.  These  data 
show  complete  loss  of  aileron  effectiveness  kt  the  stall  angle  of  attack.  Thus,  the  basic  assumption  of 
the  theory,  that  a  leading-edge  stall  is  present,  is  often  not  true.  Another  consideration  is  that  ex¬ 
ternally  blown  flap  configurations  are  optimized  for  the  power  effects  so  that  the  flap  gaps  are  larger 
than  would  be  chosen  for  an  unpowered  flap  system.  The  power-off  maximum  lift  coefficient  tends  to  be  less 
than  it  could  be  if  the  gaps  were  optimized  for  the  power-off  conditions.  The  increment'  in  maximum  lift 
coefficient  in  going  from  non-optimum  power-off  conditions  to  more  optimum  power-on  conditions  is,  there¬ 
fore,  larger  than  if  both  were  optimized  separately.  This  is  a  possible  reason  for  the  measured  increments 
in  maximum  lift  coefficient  being  greater  than  the  theoretical  values. 

I 

The  results  of  Figure  3(b)  all  li'e  close  to  one  straight  line,  indicating  an  empirical  factor 
to  improve  the  correlation.  The  final  expression  then  becomes:  l  '  ;  ' 


ACl  (C  )  =  5.5ti 
max 


B  a  +  D  6 
os  o 


1  +  B 


o/2 


AR  +  0.637C.J 

AR  +  2  +  0.604/c^  +  0.876Cj 


(5)  , 


This  basic  equation  is  not  limited  to  externally  blown  flaps,  of  course,  but  it  is  not  known  whether  the 
empirical  factor  will  change  for  other  powered-lift  concepts. 

A  completely  empirical  approach  can  also  be  used  as  in  Reference  11. ■  The  maximum  lift  co¬ 
efficient  is  reasoned  therein  to  be  a  function  cf  tie  total  camber  of  the  wing;  arid  blowing  is  considered 

to  act  as  an  effective  camber  incre'ase.  A  measur.  of  the  increase  in  camber  is  taken  to  be  the  component 

of  thrust  normal  to  the  airfoil,  nC  sin  6.  Figure  4  presents  the  increment  ini  maximum  lift  coefficient 

due  to  blowing  versus  the  normal  component  of  thrust,  showing  that  the  data  all  group  around  a  Single 

curve.  A  comparison  with  the  theoretical  ferm  of  Equation  (5)  indicates  that  this  empirical  approach  can 
only  be  an  approximation.  The  approximation  is  expected  to  improve  as  flap  deflection  increases,  ,i.e., 
at  typical  landing  and  possibly  take-off  conditions,  as  supported  by  the  data.  Thus  the  curve  of  Figure 
4  is  suggested  as  a  simple  technique  to  obtain  a  rapid  approximation  to  the  increment  :in  maximum  lift 
coefficient  for  externally  blown  flap  configurations. 

One  topic  which  appears  to  have  received  little  attention  to  date  is  the, pitching  moment  at  the 
stall.  The  outboard  trailing-edge  stall,  as  previously  discussed,  promotes  extreme  pitch  up  tendencies 
as  demonstrated  by  all  the  exte.nally  blown  flap  configurations  tested  by  NASA.  Although  artificial  de¬ 
vices  such  as  stick  push’rs  are  common,  it  would  be  desirable  to  have  natural  pitch-down  at  stall.  This 
requires  that  stall  be  initiated  at  the  leading  edge  of  the  inboard  portion  of  the  wing.  There  is  there¬ 
fore  a  conflicting  design  problem,  since  the  initial  design  effort  is  directed  towards  preventing  pre¬ 
mature  separation  at  the  leading  edge  of  the  wing.  Some  increment  in  maximum  lift  coefficient  will  have 
to  be  traded  for  control  of  the  stall  characteristics.  All  swept-wing  aircraft  require  attention  to  this 
problem  during  the  design  phase.  The  magnitude  of  the  problem,  however,  increases  with  increasing  lift 
coefficient  and  is  further  compounded  by  the  characteristics  of  the  external]'/  blown  flap  concept. 


The  angle  of  attack  at  which  stall  occurs  is  also  a  critical  design  parameter.  Figure  5  illus¬ 
trates  the  Wide  range  of  pewer  effects  on  stall  angle  of  attack  which  have  been  measured,  indicating  the 
importance  of  design  details  (References  4,8,9,12).  This  figure  shows  that  even  with  a  large  (19%  chord) 
leading-edge  device,  one  configuration  has  a  stall  angle  of  attack  as  low  as  2°.  A  typical  STOL  approach 
path  angle  of  7°  would  rtuult  in  a  nose-down  pitch  attitude  of  about  15°.  Thus  although  this  configura¬ 
tion  has  a  maximum  lift  coefficient  of  about  C  the  pitch  attitude  makes  this  lift  unusable.  Another  con¬ 
figuration  shows  that  a  significant  increase  in  stall  angle  of  attack;  is  also  possible,  but  this  is  also 
undesirable  because  of  engine-out  characteristics.  If  power-on  stall  angles  are  larger  than  power-off 
stall  angles,  the  wing  with  the  failed  engine  stalls  first  so  that  extremely  large  rolling  moments  would 
be  produced  at  stall.  The  resulting  motion  would  be  uncontrollable  and  is  certainly  to  be  avoided,  if 
possible  by  minimizing  the  dependence  of  stall  angle  of  attack  on  power. 

Thus,  although  the  externally  blown  flap  concept  is  relatively  simple,  the  practical  design 
problem  places  great  emphasis  on  the  detail  design.  Ideally,  the  leading-edge  devices  should  be  optimized 
to: 


1)  Obtain  the  greatest  possible  benefit  from  the  power  effects 

2)  Minimize  the  dependence  of  stall  angle  on  power 

3)  Promote  initial  stall  inboard  on  the  wing  leading  edge  to  promote  nose-down  pitching 
moments  at  stall 


3.  : CONTROL  PROBLEMS  ASSOCIATED  WITH  POWERED-LIFT  STALL 


Control  effectiveness  is  a  major  design  consideration  for  STOL  aircraft.  Not  only  do  the  con¬ 
trol  power  requirements  for  maneuvering  become  more  severe  as  flight  speed  is  reduced,  but  the  requirement 
to  trim*  asymmetric  conditions  resulting  from  an  engine  failure  can  be  as  Important  as  the  maneuver  require¬ 
ments.  Some  aircraft  have  eliminated  the  asymmetries  due  to  engine  failure  by  coupling  the  propulsive  lift 
effects  between  right  and  left  wing  panels.  Examples  are  the  interconnected  propellers  of  the  Brequet  941 
and  the  cross-ducted  boundary  layer  control  system  of  the  Boeing  model  367-80  (707  prototype).  It  would 
be  extremely  difficult,  however,  to  effectively  couple  the  engines  of  an  externally  blown  flap  configura¬ 
tion.  The  asymmetric  forces  and  moments  must  be  accepted,  and  the  control  system  must  then  be  designed  to 
provide  trim  plus  maneuver  capability.  Various  lateral  control  system  possibilities  are  available,  and 
will  be  considered  in  turn. 

'  The  asymmetric  moments  are  functions  of  both  the  configuration  and  operational  procedures.  This 
discussion  considers  only  representative  values,  therefore.  Values  of  rolling  and  yawing  moments  for  each 
of  the  most  promising  control  systems  are  presented  in  Figure  6  (References  7,8,13).  Typical  values  of 
the  required  rolling  moments  and  available  yawing  moment  from  the  rudder  after  trimming  the  engine-out 
yawing  moments  are  also  presented. 

i 

To,  provi.de  roll,  a  spoiler  can  be  deployed  on  the  opposite  wing  to  the  failed  engine.  Spoilers 
do  have  the  advantage  of  generating  favorable  yawing  moments,  however  the  generation  of  sufficient  rolling 
moment  entails  an  appreciable  lift  loss.  The  data  of  Figure  6  involve  a  decrement  in  lift  coefficient  of 

approximately  1.0.  This  lift  loss  due  to  spoiler  control  adds  to  the  reduction  in  lift  due  to  loss  of 

power.  In  addition,  spoilers  can  also  adversely  affect  the  stall  angle  of  attack.  Thus  trimming  engine- 
out  conditions  with  spoilers  will  give  an  appreciable  penalty  in  usable  lift. 

Lift  loss  due  to  engine  failure  can  be  minimized  by  increasing  the  flap  deflection  on  the  wing 

with  the  failed  engine  and  reducing  flap  deflection  on  the  opposite  wing.  This  arrangement  can  develop 
sufficient  rolling  moment  for  trim  but  the  adverse  yawing  moments  that  it  produces  represent  an  Impossible 
design  condition  for  the  rudder. 

By  themselves  conventional  ailerons  of  a  practical  size  are  not  effective  enough  to  trim  the 
typical  rolling  moment  values  due  to  an  engine-out  for  externally  blown  flap  configurations.  Depending  on 
the  configuration,  the  required  roiling  moment  may  be  achieved  using  boundary  layer  control  ailerons  with 
supercritical  blowing,  i.e.,  more  blowing  must  be  provided  than  the  amount  required  to  just  produce  at¬ 
tached  flow.  Also,  with  sufficient  blowing  the  ailerons  can  be  drooped  to  minimize  lift  loss.  The  data 

of  Figure  (f  show  that  BLC  ailerons  produce  little  yawing  moment  compared  with  conventional  ailerons  or 
differential  flap  deflection.  The  reason  for  this  may  be  conjectured  by  considering  the  spanwlse  loading 

distribution.  The  effect  of  power  on  an  externally  blown  flap  is  to  highly  load  the  inboard  sections  of 

the  wing.  The  effective  aspect  ratio,  and  hence  the  span  efficiency,  is  quite  low.  Deflecting  the  blown 
aileron  can  be  expected  to  improve  the  spanwlse  load  distribution  and  hence  the  span  efficiency.  The  ex¬ 
pected  Increase  in  induced  drag  on  the  panel  may  then  be  balanced  by  the  increase  in  span  efficiency  with 
correspondingly  small  induced  yawing  moments. 

1  The  preceding  arguments  indicate  that  BLC  ailerons  are  generally  the  most  efficient  single 
lateral  control  device  for  externally  blown  flap  configurations.  The  optimum  control  system  will  obviously 
depend  on  the  total  vehicle  configuration,  and  could  easily  require  a  combination  of  control  devices. 

Engine  failure  is  an  important  consideration  in  determining  the  proportion  of  the  maxi mum  lift 
capability  that  is  usable.  The  lateral  control  concept  has  been  shown  to  be  a  factor  in  determining  the 
engine-out  trimmed  lift,  and  can  also  have  a  significant  impact  on  the  stall  characteristics  of  the  blown 
wing.  As  indicated  in  the  previous  section,  a  wing  with  an  externally  blown  flap  will  tend  to  stall  first 
in  the  region  of  the  aileron  panel.  The  use  of  BLC  ailerons  may  reduce  or  eliminate  this  tendency. 

4.  FLIGHT  OPERATIONAL  PROBLEMS  WITH  HIGH  LIE!  (POWERED-LIFT) 


Regular  operation  of  STOL  transport  aircraft  will  require  special  consideration  of  stall  margins, 
and  STOL  performance  rules  in  general.  The  ’ederal  Aviation  Regulations  for  conventional  aircraft  have 
been  modified  to  apply  to  powered-lift  configurations  (Reference  14),  NASA  has  also  suggested  a  set  of 
requirements  that  are  based  on  flight  te9t  experience  (Reference  15).  There  is  still  much  controversy 
about  STOL  performance  rules,  however,  and  some  comments  on  stall  margins  are  presented  in  this  section. 

Figure  7  illustrates  the  operational  envelope  of  a  typical  STOL  transport.  Although  operation 
within  this  entire  envelope  is  possible,  margins  indicated  by  the  cross-hatching  are  applied  to  the 
boundaries  of  the  envelope  for  safety  reasons.  In  particular,  a  margin  is  required  on  the  maximum  lift 
or  vmin  boundary  to  provide  a  margin  for  control  of  glide  path  angle  by  the  pilot.  A  margin  is  also  re¬ 
quired  to  prevent  excursions  outside  the  operational  envelope  caused  by  inadvertent  upsets  due  to  gusts. 

The  maneuver  aspect  of  the  conventional  speed  margin  is  equivalent  to  a  load  factor  margin.  In 
addition,  the  initial  aircraft  response  to  gusts  is  mainly  sensed  as  an  increment  in  normal  acceleration. 
Thus  there  is  justification  for  using  a  load  factor  margin  in  place  cf  the  normal  speed  margin. 


Conventionally,  a  speed  margin  is  equivalent  to  providing  normal  acceleration  or  load  factor 
margin,  given  by: 


Thus  a  conventional  landing  at  V  1.2  Vs  would  imply  2  load  factor  margin  of  0.4Ag.  The  same  basic  re¬ 
lationship  holds  foi  powered-lift  configurations,  but  the  conventional  stall  speed  is  nov  replaced  by  a 
minimum  speed,  Vmjn,  the  value  of  which  accounts  for  engine-out  stall  speed,  power  setting,  ninimum 


control  speed,  etc.  liie  results  of  the  flight  tests  reported  In  Reference  15  indicate  a  mean  approach 
speed  of  1.15  V^in  was  selected  as  adequate  by  the  pilots.  This  implies  a  lg  load  factor  margin  of 

-  1  =  0.32 

V2 

vmin 

The  reduction  from  0.44g  to  0.32g  is  a  significant  amount. 

In  addition,  a  lg  stall  Implies  reducing  airspeed  at  constant  power.  As  a  result  the  non- 
dimensional  thrust  coefficient,  Cy,  increases  with  a  corresponding  increase  in  the  maximum  lift  coefficient. 
On  the  other  hand,  small  or  rapid  maneuvers  are  made  at  essentially  constant  airspeed  and  power,  i.e., 
constant  Cp,  resulting  in  a  lower  maximum  lift  coefficient  than  the  lg  stall  value.  The  maneuver  load 
factor  margin  is  therefore  less  than  the  lg  load  factor  margin,  if  dynamic  overshoot  is  ignored. 

In  the  landing  approach  configuration  of  a  powered-lift  system  changes  in  thrust  provide  a  sig¬ 
nificant  load  factor  capability  which  is  a  function  of  the  actual  power  setting.  This  capability  of  STOL 
aircraft  may  be  expected  to  offset  a  portion  of  the  required  load  factor  capability  due  to  angle  of 
attack,  so  that  a  smaller  speed  margin  or  load  factor  margin  is  acceptable.  This  trade-off  is  discussed 
fully  in  Reference  15,  in  justifying  the  1.15  Vnjn  or  15%  speed  margin. 

This  suggested  speed  margin  should  be  qualified  to  apply  to  rates  of  sink  less  than  8C0  ft/rain. 
The  flight  test  data  presented  in  Reference  15  show  that  a  larger  speed  margin  was  chosen  for  rates  cf 
sink  greater  than  800  ft/min,  except  when  a  complete  flare  was  not  done  during  landing. 

In  order  to  complete  the  rationale  for  choosing  a  particular  stall  margin,  it  is  also  necessary 
to  consider  the  susceptibility  of  the  aircraft  to  inadvertant  upsets  such  as  gusts.  As  airspeed  de¬ 
creases,  a  constant  gust  velocity  represents  a  larger  change  in  angle  of  attack.  For  a  powered-lift 
system,  however,  it  may  be  assumed  that  equilibrium  flight  at  reduced  airspeed  is  achieved  by  using  more 
power.  Thus,  at  reduced  airspeeds  a  smaller  proportion  of  the  total  lift  is  "aerodynamic"  (i.e.,  circu¬ 
lation  lift  as  opposed  to  thrust  component),  making  the  aircraft  less  dependent  on  angle  of  attack  changes. 
Figure  8  illustrates  this  reduction  in  aerodynamic  lift  for  a  range  of  externally  blown  flap  configurations 
(References  4, 5, 7, 9,  and  16). 

To  gain  some  insight  into  the  susceptibility  of  powered-lift  aircraft  to  gusts,  values  of  the 
initial  normal  acceleration  due  to  a  step  gust  have  been  calculated  for  a  number  of  externally  blown  flap 
configurations.  In  this  calculation  it  was  assumed  that  the  thrust  vector  ’S  unchanged  while  the  aircraft 
experiences  instantaneous  changes  in  angle  of  attack  and  dynamic  pressure,  and  an  instantaneous  rotation 
of  the  circulation-related  force  vector.  These  changes  cause  an  increment  in  the  force  perpendicular  to 
the  initial  flight  path,  which  in  turn  yields  a  normal  acceleration.  Ir.  order  to  yield  typical  numbers, 
a  wing  loading  of  80  psf.  and  a  10  knot  gust  perpendicular  to  the  flight  path  were  assumed.  The  results, 
presented  in  Figure  9,  show  that  there  are  only  small  and  inconsistent  effects  of  power  on  the  initial 
normal  acceleration  due  to  the  gust.  This  means  that  that  portion  of  the  operational  margin  required  to 
protect  against  upset  by  vertical  gust  can  be  taken  to  be  the  same  as  for  conventional  operation  (zero 
thrust  coefficient).  The  data  of  Figure  9  indicate  that  a  load  factor  margin  of  approximately  0.2  to 
0.25g  is  required  to  counteract  a  10  knot  gust. 

A  gust  along  the  flight  path  causes  only  a  change  in  dynamic  pressure,  with  no  change  in  angle 
of  attack  until  the  airplane  has  had  time  to  respond.  At  the  airspeeds  consistent  with  a  2000  ft  field 
length  the  initial  normal  acceleration  due  to  such  a  gusf  is  less  than  that  caused  by  a  vertical  gust  of 
the  same  magnitude. 

The  preceding  analysis  considered  only  the  initial  acceleration  due  to  a  step  gust,  whereas  a 
full  analysis  would  consider  the  complete  response.  As  this  is  a  function  of  Individual  airplane  charac¬ 
teristics  it  is  not  easy  to  generalize  and  is  beyond  the  scope  of  this  paper.  In  addition  flight  in  tur¬ 
bulence  must  also  be  considered  with  respect  to  stall  margins.  This  is  a  more  difficult  problem,  however 
analytical  progress  is  being  u.-ic  towards  defining  the  stall  in  unsteady  flow.  For  oscillatory  motion, 
Reference  19  calculates  the  reduction  in  advei.se  pressure  gradient  on  the  airfoil  surface,  which  implies 
a  delay  of  the  stall.  It  is  well  known  that  small  transient  excursions  beyond  the  static  stall  angle  of 
attack  will  not  cause  a  stall.  This  phenomenon  needs  further  study  to  obtain  an  analytical  solution  to 
the  unsteady  stall  problem,  before  the  dynamic  alleviation  of  stall  can  be  considered  in  formulating  re¬ 
quired  stall  margins. 

For  a  powered  lift  system  additional  load  factor  capability  is  available  by  increasing  power. 

This  capability  offsets  some  of  the  required  stall  margin  due  to  angle  of  attack,  resulting  in  an  accept¬ 
able  stall  margin  whicli  is  lower  than  conventional  practice,  as  supported  by  flight  test  results.  The 
load  factor  margin  should  te  based  more  on  usable  lift  than  absolute  maximum  lift.  At  any  flight  condition 
the  relevant  value  of  maximum  lift  is  obtained  at  that  particular  p^wer  setting.  Another  consideration  in 
determining  maximum  usable  lift  is  the  minimum  control  speed.  Considering  the  flight  test  results  plus  a 
simple  consideration  of  gust  effects,  a  load  factor  margin  of  0.3g  is  suggested. 

5.  CONCLUSIONS 

A  theoretical  method  predicts  with  reasonable  accuracy  the  increment  in  maximum  lift  coefficient 
due  to  power  for  externally  blown  flap  configurations.  An  empirical  factor  is  used  to  provide  good  corre¬ 
lation  with  measured  values.  A  completely  empirical  approach  is  also  suggested  as  a  simple  technique  to 
obtain  quick  and  reasonably  accurate  approximations  to  the  increment  in  maximum  lift  coefficient. 

Engine  failure  causes  large  asymmetric  forces  and  moments,  producing  a  significant  impact  of  the 
lateral  control  system  on  the  total  airplane  design.  The  most  effective  lateral  control  system  uses 
boundary  layer  control  ailerons  with  supercritical  blowing. 
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A  load  factor  margin  of  0.3g  is  suggested  as  the  basic  stall  margin  to  replace  the  conventional 
speed  margin  of  1.2  Vg. 

With  a  powered-lift  system,  sufficient  power  can  be  used  to  generate  almost  any  value  of  lift 
coefficient.  In  practice,  however,  3  usable  lift  coefficient  is  desired.  For  an  externally  blown  flap 
configuration  maximizing  this  usable  lift  coefficient  represents  a  complex  design  problem,  which  includes 
optimizing  the  lateral  control  system  and  leading  edge  devices  as  well  as  the  trailing  edge  flaps. 
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FIGURE  I  SKETCH  OF  EXTERNALLY  BLOWN 


FLAP  CONCEPT 


FIGURE  2  IDEALIZED  SKETCH  OF  STALL 
CHARACTERISTICS 
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(b)  Theory  with  aspect  ratio  correction 


FIGURE  3  INCREMENT  IN  MAXIMUM  LIFT 
COEFFICIENT  DUE  TO  POWER 
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FIGURE  5  EFFECT  OF  POWER  ON  THE 
STALL  ANGLE  OF  ATTACK 
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FIGURE  6  TYPICAL  CONTROL  TRENDS  FOR 
EXTERNALLY  BLOWN  FLAPS 


187 


i 


16-12 


+ 


Flight 

path 

angle 


FIGURE  7  TYPICAL  STOL  OPERATIONAL 

ENVELOPE  -  LANDING  CONFIGURATION 


V  NACA  TN  4255 


FIGURE  8  EFFECT  OF  POWER  ON  PROPORTION 
OF  CIRCULATION  LIFT 
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(a)  Angle  of  attack  10°  below  stall 


(b)  Zero  angle  of  attack 

FIGURE  9  EFFECT  OF  POWER  ON  NORMAL 
ACCELERATION  DUE  TO  GUSTS 
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It  is  a  primary  design  requirement  of  a  military  trainer 
airoraft  that  the  stalling  characteristics  are  suoh  as  to  give 
warning  of  the  approach  of  the  stall  as  well  as  marking  it  by 
a  clear  drop  of  the  aircraft  nose  without  excessive  wing  drop. 
Lateral,  directional,  and  pitch  control  nust  be  available  up  to 
and  above  the  stall.  Plight  experience  on  the  B.A.C.  Mk.5  Jet 
Provost  is  used  to  illustrate  tnis,  as  the  subject  of  this  paper. 

The  B.A.C.  Jet  Provost  Mk.5  and  Strikemaster  1 67  aircraft 
are  developments  of  earlier  versions  embodying  a  pressurised  oabin, 
more  thrust  and  greater  armament.  The  snaps  changes  involvod  on 
the  intake  and  front  fuselage  caused  a  change  in  maximum  life  and 
stalling  characteristics,  resulting  in  too  mild  a  stall  for  training 
demonstration.  Considerable  flight  development  was  necessary  to 
achieve  the  desired  characteristics  of  a  clearly  marxed  stall  with 
adequate)  warning  of  approach  without  penalty  on  maximum  lift  and 
nitnout  involving  large  airoraft  modifications. 

Tho  development  is  described  and  possible  procedures  for 
achieving  stall  warning  on  future  aircraft  of  the  type  are 
suggested. 
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1.  imoDUC'JION  :  . 

Hie  Mark  4  Jet  Provost',  in  service  with  the  Royal  Air  Force  is  'a  side  by  side 
two  seat  trainer  with  an  unpressurised  cabin  (Figure  1).  The  Mark  5  (Figure  2)  is  a  develop¬ 
ment  with  a  pressurised  cockpit  to  give  better  usage  at  high  altitudes,  which  was  first  flown 
in  1967,  and  has  been  in  service  use  since  September  1969k  The  Scrikemaster  an  even 
further  development  of  the  Hark  5  with  a  more  powerful  engine  and  substantial  ground  attack 
armaments,  has  been  in  production  since  August  1968  and  is  in  service  in  nine  countries. 

The  aerodynamic  modifications  involved  in  the  change  from  Park  4  to  Mark  5  and 
Strikemaster  were  considered  minimal  (Figure  4).  They  were  cnanged  cockpit  lines,  a  wider 
intake  with  diverter,  and, the  necessary  revision  of  fairings.  In  the  event,  they  changed 
the  stalling  behaviour  considerably  and  the  spinning  behaviour  slightly,  and  a  significant 
amount  of  flight  development  was  involved  to  achieve  satisfactory  clearance.  . 

Before  describing  this,  it  seems  worth  making  two  digressions  -  one  on  desirable 
stall  characteristics  and- the  other  on  the  Mark  4  Provost  history. 


2.  STALLING  CHARACTSRISTICS 

Desirable  stalling  characteristics  differ  somewhat  for  different  types  of 
aircraft.  An  ideal  characteristic  for  a  combat  aircraft  might  be  thought  to  be  a  stall 
which  occurred  gradually  without  nose  drop  or  wing  drop,  in  whloh.de ep  stall  penetration 
was  possible  maintaining  full  control  of  attitude  without  loss  of  lift,  with  increasing 
buffet  and  touchiness  in  roll  and  pitch  providing  warning  of  penetration,  and  with  straight¬ 
forward  recovery  possible  at  any  time  by  moving  the  st?ck  forward. 

This  was  the  stall  behaviour  we  got  on  the  Hark  5  Provost  -  by  accident  rather 
than  design.  It  was  not,  however,  what  our  Air  Force  required  frpm  a  training  aircraft,  as 
several  discussions  with  them  made  clear.  What  a  training  aircraft  wants  is  a  stall  clearly 
defined  by  a  sharp  nose  down  pitch,  with  a  minimum  amount  of  wing  drop,  preoeeded  by  natural' 
warning  in  the  shape  of  buffet.  This  is  clear  and  sensible.  , 

The  earlier  Provosts  had  been  developed  by  ad!  hoc  flight  testing  ,to  give  just 
this  characteristic,  together  nitn  a  spin  which  was  regular-,  easily  achieved  and  from  which 
a  clean  recovery  could  be  made.  Tnit  resulted  in  -wing  and  tail  Sections  modified  from,  theiri 
original  form  by  various  leading  edge  cnanges  as  follows: 

wing  root  -  leading  edge  camber  increased 

Wing  tip  -  leading  edge  sharpened  and  camber  reduced. 

Tailplane  -  leading  edge  Sharpened  in  order  'to  bring  about  stalled  , 

flow' in  the  spin.  1 

This  gavo  us  sections  without  any  background  of  two  dimensional  testing,  pnd  which 
were  not  too  amenablo  to  theoretical  treatment.  (Figure  5).  , 

In  addition,  a  modification  had  been  made  early  in  the  life  of  the  Provost  to  reduoe 
the  tailplane  height,  by  putting  a  bend  in  the  fuselage  just  aft  of  the  wing,  in  order  to  increase 
stall  warning  buffet  by  bringing  the  tail  into' the  wing  wake. 


3.  MARK  V  JST  PROVOST  ; 

This  brings  us  then  to  the  Mark  5-  The  problems  -  maximum  lift  was  low  with  flaps 
down  (CLmax  =  1.75  compared  with  a  require  1.85)  with  an  associated  small  lossiin  airfield 
performance.  The  stall  characteristics  flaps  up  and  down  lacked  the  required  sharp  nose  down  • 
pitch  to  define  the  stall  (Figure  7).  Stall  warning  existed  in  the  form  of  buffet  -  not  so 
much  prior  to  the  rather  indefinite  stall  as  occurring  with  increasing  intensity  as  tbr  stall 
was  penetrated.  We  needed  to  improve  maximum  lift  and  stall  definition,  keeping  or  introducing 
stall  warning,  without  of  course,  introducing  any  modification  which  would  mean  higher  costs  in 
manufacture  or  delays  in  production,  or  which  would  adversely  affect  spinning  or  high  Mach 
number  behaviour. 

Our  initial  analysis  was  that  all  the  critical  features  were  a  function'  of  a  pre¬ 
mature  stall  in  the  wing  root  caused  by  changes  more  or  less  local  to  the  root  region. 

Improving  CL  max  could  well  automatica1 ly  give  la  more  defined  stall  and  nose  down  pitch  and 
the  higher  incidence  would  tuko  the  wing  woke  up  onto  the  tailplane  to  give  the  standard 
prestall  buffet.  The  first’  phase  of  flight  testing  therefore  concentrated  on  GL  max  improve¬ 
ment.  The  wing  root  fairing  was  extended  and  reshaped.  Tne1  intake  external  line  was  altered 
and  tne  wing  loading  edge  modified  in  the  root  area  (Figures  8,  9) 

Those  changes  were  successful  (see  Figure  10)  Max  CL  was  increased  from  1.75  to 
1,95  (beyond  the  Mark  4  value)  flaps  down,  and  from  aoout  1.0  to  1 .40  clean.  The  stall  was 
marked  by  a  clear  pitch  down  with  flaps  up  and  down,  but  stall  warning  disappeared  botn  with 
flaps  up  and  flaps  down.  This  level  o’’  lift,  however,  gave  us  a  margin  to  work  on  and  our 
second  phase  of  testing  concentrated  >  a  achieving  stall  warning.  The  use  of  artific:  al  3tall 
welding  was  considered  but  left  as  a  last  resort.  '  i 
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SUMMARY: 
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It  is  a  primary  design  requirement  of  a  military  trainer- 
aircraft  that  the  stalling  characteristics  are  such  as  to  give 
warning  of  the  approach  of  the  stall  as  well  as  marking  it  by 
a  clear  drop  of  the  aircraft  nose  without  excessive  wing  drop. 
Lateral,  directional,  and  pitch  control  must  be  available  up  to 
and  above  the  stall.  Flight  experience  on  the  B.A.C.  Mk.5  Jet 
Provost  is  used  to  illustrate  tnis,  as  the  subject  of  this  paper. 

The  B.n.C.  Jet  Provost  Mk.5  end  Strikema3ter  1 67  aircraft 
are  developments  of  earlier  versions  embodying  a  pressurised  oabin, 
more  thrust  and  greater  armament.  The  shape  changes  involved  on 
the  intuke  and  front  fuselage  caused  a  change  in  maximum  lift  and 
stalling  characteristics,  resulting  in  too  mild  a  stall  for  training 
demonstration.  Considerable  flight  development  nas  necessary  to 
achieve  the  desired  characteristics  of  a  clearly  marked  stall  with 
adequate  warning  of  approach  without  penalty  on  maximum  lift  and 
witnout  involving  large  aircraft  modifications. 

The  development  is  described  and  possible  procedures  for 
achieving  stall  warning  on  fut.ire  aircraft  of  the  type  are 
suggested. 
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4.  STALL  KASHINS 


By  this  stage,  it  bad  benooe  necessary  to  know  more  about  the  flow  development, 
and,  for  instance,  whether  the  standard  Hark  4  warning  cage  via  the  aileron  to  the  stick,  the 
elevator  to  tho  stick,  or  in  the  form  of  general  airframo  buffet  from  the  wings  or  the  impingement 
of  the  wing  wake  on  the  tailplane. 

Vibration  instrumentation  was  not  readily  available,  so  these  issues  had  to  be 
settled  by  experiment  and  argument.  Overall,  this  pointed  to  wing  wake  impingemant  on  the 
tailplane  as  the  most  important  source  of  stall  buffet.  Some  flights  were  done  with  depth 
tufts  on  the  tailplane  lower  surface,  and  with  streamers  from  the  wing,  which  indicated  that 
the  wake  only  marginally  reached  the  tailplane  but  that  this  mechanism  did  exist.  The  use 
of  wing  airbrakes  was  known  to  cause  buffet  of  the  same  character  as  the  Mark  4  prestall 
buffet  and  this  was  demonstrated  by  use  of  the  depth  tufts,  to  come  from  impingement  on  the 
tail. 


■Vind  tunnel  tests  had  previously  been  put  in  hand  to  see  what  sort  of  modifications 
would  influence  the  root  stall,  though  much  latitude  had  to  be  allowed  for  interpretation  in 
view  of  the  low  Xeynolds  Number  of  1.0  x  10°  compared  with  6  x  10°  in  flight. 

Flight  tests  were  carried  out  with  wing  tufts  to  examine  stall  progressions  on  both 
Hark  4  and  Mark  5  (Figures  12  and  13).  These  showed  the  difference  in  a  quantitative  form, 
tying  up  with  the  different  behaviour  -  the  Mark  4  developing  slowly  at  first,  then  spreading 
to  give  pitch  down,  the  Mark  5  having  an  immediate  rapid  spread.  Three  lines  of  geometric 
change  were  then  followed  in  flight  testing,  on  the  philosophy  of  sacrificing  seme  lift  in  order 
to  develop  warning. 

First,  since  the  fuselage/wing  root  fairing  change  had  powerfully  cleaned  up  the 
stall,  it  seemed  possible  to  alter  this  to  a  shape  which  would  allow  a  trailing  edge  stall  tc 
develop  to  give  buffet,  but  to  stage  its  progression  to  the  leading  edge  so  that  a  few  knots 
warning  occurred  before  major  loss  of  lift  and  hence  pitch  down  -  on  the  lines  of  Figure  14. 

A  systematic  series  of  root  fairings  were  tested  in  flight  (Figure  15)  -  built  up 
by  glueing  balsa  planks  to  the  airframe  and  then  cutting  to  the  required  shape.  Thi3  could 
be  done  quite  easily  •  a  fairing  could  be  completely  changed  in  shape  overnight  in  a  way 
impossible  for  metal  work  -  and  the  construction  stood  up  to  use  at  quite  high  speeds  very  well. 
The  same  technique  with  fabric  doped  over  th8  finished  shape,  was  also  used  successfully  for 
the  more  highly  loaded  leading  edge  modifications. 

These  tests  were  unsuccessful.  Taking  away  parts  of  the  big  fairing  from  the 
trailing  edge  we  kept  CLmax  with  no  prestall  bcufet  until  reaching  fairing  C,  when  the  air¬ 
craft  reverted  to  low  CL's  with  buffet  -  its  original  behaviour.  Building  up  from  the  front, 

CL  stayed  low  with  no  nose  down  pitch  until  -bang-  high  CL's  no  buffet.  The  fairing  was  the 
trigger  mechanism  between  the  two  types  of  behaviour,  and  there  was  no  compromise. 

Secondly,  following  up  tho  fact  that  airbrakes  gave  buffet,  ne  found  the  necessary 
spanwise  extent  of  obstacles  necessary  and  tried  a  similar  approach,  of  inducing  a  trailing 
edge  stall  but  trying  to  arrest  its  extent  to  allow  seme  buffet  to  develop,  using  section  bumps, 
after  carrying  out  hopeful  calculations  of  boundary  layer  separation.  These 
bumps  made  no  difference  whatsoever. 

Having  failed  by  these  means  to  control  forward  movement  of  the  stalled  area,  we 
were  evidently  not  developing  a  sufficiently  large  area  of  separated  flow  before  the  stall 
proper,  and  were  not  getting  it  high  enough  to  strike  the  tailplane.  ’.'e  therefore  needed 
more  incidence.  Consequently  we  tried  a  further  improved  wing  leading  edge  (Figure  17)  plus 
vortex  generators  set  to  control  outward  stall  progression  and  also  to  give  vortex  formation 
in  a  direction  to  lift  the  separated  inooard  wake.  After  some  experimenting  with  vortex 
generator  position,  this  was  completely  successful  (Figure  18).  An  adequate  value  of  CL  max 
was  obtained,  a  satisfactory  nose  down  pitch  occurred  without  wing  drop,  and  prestall  buffet 
was  obtained  both  flaps  up  and  down.  The  modifications  were  relatively  easy  to  apply  to  tho 
production  aircraft,  and  were  cheap  and  light.  Ths  main  disadvantage  was  a  loss  of  a  fen 
knots  in  top  speed,  due  to  vertex  generators. 

Flight  test  and  Aerodynamics  congratulated  themselves  on  solving  tne  problem. 

Design  Office  and  the  work  shops  grumbled  about  how  long  they  had  taken. 

*3  a  last  test,  before  setting  out  to  clear  tne  spinning  and  high  speed  behaviour, 
ne  decided  to  try  a  further  modification  we  had  in  the  pipe  lane  -  a  small  vane,  half  vortex 
generator  and  hall'  a  low  aspect  ratio  slat,  positioned  in  front  of  the  wing  leading  edge  at 
the  root  (Figure  19)  This  was  added  to  the  developed  configuration.  This  gave  even  better 
results  -  higher  CL  and  more  pronounced  buffet  warning  -  due  to  both  partial  suppression  of 
the  stall  and  a  stronger  vortex  to  help  lift  up  the  wake. 

,ie  fitted  this  vane  on  its  own  to  a  itrikemaster  with  the  original  wing  and  intake, 
and  found  that  it  worked  well  when  associated  with  a  small  fence  under  the  intake  to  reduce 
tne  crossflon  out  over  the  wing  root. 

This  fence  existed  on  the  Strikemaster  as  a  gun  housing.  It  had  to  be  added  to 
the  Mark  5*  were  then  able  to  do  away  with  the  wing  leading  edge  change,  the  fairing 

change,  and  the  vortex  generators  and  reach  all  our  objectives,  so  that  we  had  a  very  simple 
and  elegant  solution.  ,fe  subsequently  tried  optimising  the  vane  position,  but  any  movement 
virtually  nullified  its  effect,  so  «6  left  well  alone. 


132 


17-4 


5.  7J:AI  RS4ARKS 

5he  buffet  felt  by  a  pilot,  of  course,  depends  on  nany  features  of  the  aircraft, 
even  when  it  is  narrowed  down  to  airframe  vibration  rather  than  control  surface/stiek  movement. 
The  most  important  variables  are  : 

1 .  Extent  and  position  of  the  originating  region  of  disturbed  flow. 

2.  Any  further  impingement  of  disturbed  flow  on  the  airframe. 

3.  Dynamic  pressure  -  i.e.  aircraft  speed,  which  scales  the  whole  input  tc  the 
system. 

4.  Position  of  the  pilot  in  relation  to  the  aircraft  vibration  modes. 

5.  In  the  case  of  prestall  buffet,  rate  of  approach  to  the  stall. 

6.  Structural/Aerodynamic  damping. 

Complicating  features  in  any  flight  investigation  are  also  structural  response  to 
turbulence,  and  pilot's  tlircshold  effects. 

The  first  four  of  these  effects  can  fairly  readily  be  appreciated,  but  the 
importance  of  the  rate  of  change  in  such  tests  as  stall  approaches  can  be  over  1  coked.  In  the 
case  of  the  Provost,  a  'fast'  approach  gave  appreciably  high  lift  coefficients,  -.s  in  Figure 
20,  but  less  warning. 

The  effects  of  speed  and  pilot  threshold  effects  were  also  clearly  demonstrated 
in  the  flight  investigations,  -/hen  we  found  that  with  configurations  such  a3  in  Figure  10, 
buffet  prior  to  the  'g*  stall  at  higher  I.A.S.  v/as  not.icable  to  the  pilot  whereas  it  was 
inadecuate  at  the  low  speed  1  'g'  conditions. 

6.  APPLICATIOII  TO  OTHER  AIRCRAFT 

This  work  and  experience  with  other  aircraft  suggested  that  an  inboard  stall  with 
wake  impingement  on  the  tailplane  would  always  give  a  positive  pre-stall  warning.  This  is  in 
contrast  to  aircraft  like  the  Lightning  where  we  had  plenty  of  buffet  before  the  stall  from 
vortex  flow  breakdown  on  the  wing  tips,  but  in  general  this  covered  too  much  of  the  incidence 

range  to  be  usable  in  the  context  desired  for  training.  In  the  proposed  design  of  a  new 

trainer  for  the  Royal  Air  Force,  therefore,  we  used  a  technique  of  measuring  wing  wake  position 
in  the  tunnel  in  order  to  give  some  better  guidance  as  to  the  vertical  tail  position  needed. 

A  pitot  rake  (Figure  20)  has  proved  to  be  useful  as  well  as  tufts,  and  wo  have  had  some 
interesting  results  (Figure  21  ).  neglecting  Reynolds  number  for  a  moment,  the  wake  positions 
showed  that  we  could  expoct  difficulty  in  getting  adequate  pre-stall  buffet  with  flaps  up  and 
down  -  if  wo  had  the  tail  low  enough  for  the  flaps  down  case  we  might  well  be  too  low  with 
flaps  uo,  giving  premature  buffe’t  dying  out  just  before  the  stall,  .e  were,  however,  able  to 

find  a  position  which  we  regarded  as  ju3t  satisfactory,  since  the  wake  flaps  down  was  quite 

extensive. 

./hether  it  would  have  been  satisfactory  in  flight  we  shall  never  know,  as  the 
contract  for  that  aircraft  has  gone  elsewhere.  It  would  however,  have  been  very  interesting 
to  see  how  useful  low  Reynolds  number  tests  could  be  as  a  guide  in  this  sort  of  problem. 

To  speculate  a  little  : 

1.  One  might  well  expect  tho  prestall  wake  to  be  thinner  at  higher  Reynold's  number.  Will 
this  extend  to  a  partially  stalled  wake  ? 

2.  How  far  will  disturbed  flow  exist  outside  the  actual  wake  ?  Some  evidence  suggests  to 
twice  the  wake  width. 

3.  Does  a  higher  Reynold's  number  change  tho  mean  wake  position  at  a  given  incidence  before 
the  stall  ? 

4.  Roes  the  spanwise  pattern  on  the  wing  remain  sufficiently  the  same,  together  with  the 
wing  stall  characteristics,  i.e.  can  one  extrapolate  the  low  Reynolds  number  result  to 
a  high  Reynolds  number  otall  incidence;  will  the  rate  of  progression  of  the  stall  - 
which  is  what  this  is  all  about  be  sufficiently  the  same  ? 

i/e  believe  that  low  Reynolds  number  testing  can  be  used  as  a  guide,  but  that 
anyone  trying  to  solve  this  problem  of  providing  good  stall  warning  should  budget  for  a 
reasonable  period  of  flight  development  on  a  prototype,  with  tail  height  an  important 
variable. 

This  paper  has  boen  about  stall  warning.  I  hope  it  will  be  useful  to  anyone 
with  similar  interests.  ^  _ 
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SUMMARY 


j  This  paper  contains  a  description  of  the  s dal 1/post-stall  characteristics  of  the  F-lll 

i  aircraft.  These  characteristics  have  been  defined  on  the  basis  of  wind  tunnel  tests,  free-flight 
|  model  tests,  radio-controlled  drop-model  tests,  analytical  analysis,  and  flight  tests.  The  extent 
of  each  type  of  testing  will  be  discussed  in  detail  and  a  brief  summary  of  results  will  be  pre¬ 
sented.  An  attempt  will  also  be  made  to  compare  the  results  obtained  from  the  various  model  tests 
with  flight  test  results  where  applicable. 

A  discussion  of  the  regression  techniques  used  to  obtain  aerodynamic  derivatives  in  the 
i  Convair  hfgh-angle-of-attack  simulator  will  be  discussed  and  its  usefulness  assessed. 

! 

1  A  summary  of  the  conclusions  drawn  during  the  conduct  of  the  program  will  be  presented. 

An  attempt  will  be  made  to  establish  the  limitations  and  gflpd  points  of  each  method  used  for  pre¬ 
dicting  full  scale  results.  Recommendations  will  also  be  made  on  the  manner  in  which  future  stall/ 
post-stall/ spin  prevention  programs  should  be  conducted. 

NOTATION 


Symbol 

Definition 

units 

Symbol 

Definition 

Units 

A/C,  A/P 

Aircraft  or  Airplane 

6a 

Aileron  Deflection 

Deg 

PRE-SWIP 

Aircraft  1-30 

Sr 

Rudddjr  Deflection 

Deg 

SNIP 

Aircraft  31  and  On 

SSP 

Spoiler  Deflection 

Deg 

Re,  RN 

Reynolds  Number 

Per  Ft 

Cl 

Rolling  Moment  Coefficient 

V 

Velocity 

Ft/Sec 

Cn 

Yaw  Moment  Coefficient 

!  * 

i 

Angle  of  Attack 

Deg 

Cy 

Side  Force  Coefficient 

i  a 

Rate  of  Change  of 

Deg/Sec 

CA 

Axial  Force  Coefficient 

! 

Angle  of  Attack 

Cn 

Normal  Force  Coefficient 

;  p 

Angle  of  Sideslip 

Deg 

Cm 

Pitching  Moment  Coefficient 

0 

Rate  of  Change  of 
Sideslip  Angle 

Deg/Sec 

P 

Body  Roll  Rate 

Deg/ Sec 

8e 

Horizontal  Tail 

Deg 

' 1 

Body  Pitch  Rate 

Deg/ Sec 

Deflection 

r 

Body  Yaw  Rate 

Deg/Sec 

1.  INTRODUCTION 


The  F-lll  is  the  first  American  production  aircraft  to  incorporate  a  variable-sweep 
wing  and  a  self-adaptive  flight  control  system.  Since  the  beginning  of  the  F-lll  program,  a  number 
of  studies  have  been  undertaken  to  determine  the  stall/post-stall/spin  characteristics  of  the  air¬ 
craft.  In  this  paper,  my  objective  is  to  review  these  studies,  to  summarize  the  advantages  and 
disadvantages  of  the  various  investigative  methods,  and  to  present  the  more  significant  results. 

Methods  employed  to  date  during  F-lll  stall/spir.  investigations  have  included  vertical 
wind  tunnel  tests,  free  flight  model  tests,  radio-controlled  drop  model  tests,  analytical  studies, 
simulation,  and  full-scale  flight  tests.  Results  of  these  investigations  show  that  the  stall/post¬ 
stall/spin  <'haracteristics  of  the  F-lll  are  similar  to  thosp  of  current  high-speed,  low-aspect- 
ratio,  swept  wing  aircraft. 

On  the  basis  of  experience  gained  during  the  F-lll  program,  it  appears  feasible  to  pre¬ 
dict  the  stall/post-stall/spin  characteristics  of  an  aircraft  by  means  of  analytical  programs  in 
which  use  is  made  of  a  reduced  amount  of  full-scale  flight  testing. 

2.  DISCUSSION 

This  paper  is  directed  to  a  definition  cf  stall,  post-stall,  and  spin  characteristics 
of  F-lll  aircraft  along  with  a  description  of  the  testing  conducted  to  determine  these  character¬ 
istics. 
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2.1  Stalls 

During  an  approach  to  stall,  control  effectiveness  about  all  axes  is  good.  In  the 
cruise  configuration,  buffet  will  be  encountered  before  stall  angle  of  attack  is  reached  but  may 
not  be  usable  as  a  stall  warning  since  it  tends  to  reach  a  constant  level  at  angles  of  attack  well 
below  stall.  In  the  landing  configuration,  adequate  stall  warning  in  the  form  of  buffet  is  not 
available  either.  Artificial  stall  warning, in  the  form  of  a  rudder  pedal  shaker  and  an  audio  vis¬ 
ual  system, has  been  incorporated  in  the  aircraft. 

As  the  stall  angle  of  attack  is  approached,  a  small  amount  of  low-amplitude,  ley-fre¬ 
quency  wing  rock  or  wing  drop  may  occur  just  before  the  aircraft  departs,  but  this  action  may  be 
masked  by  the  action  of  the  roll  damper.  Roll  control  effectiveness  will  be  rapidly  degraded  as 
the  departure  angle  of  attack  is  reached,  and  the  pilot's  workload  required  to  maintain  the  desired 
aircraft  attitude  will  be  noticeably  increased.  Aircraft  directional  stability  will  also  be  rapidly 
degraded  as  the  departure  angle  of  attack  is  approached;  however,  this  degradation  may  not  be  readily 
apparent  to  the  pilot.  Elevator  effectiveness  will  be  good  up  to  and  slightly  in  excess  of  the  de¬ 
parture  angle  of  attack. 

At  departure,  the  aircraft  will  diverge  in  yaw  and  roll.  The  initial  divergence  will 
occur  in  yaw  and  may  give  the  pilot  the  impression  of  slicing,  as  on  ice,  if  appropriate  cues  are 
available,  such  as  the  horizon  or  another  aircraft.  Roll  divergence  will  follow  as  a  result  of  the 
roll-due-to-yaw  characteristics  of  the  aircraft,  along  with  further  yaw  divergence.  The  yaw  and 
roll  divergence  are  generally  smooth  and  gradual  at  first.  No  sudden  loss  of  lift,  "g"  break,  or 
sudden  stick  force  changes  are  available  to  warn  the  pilot  of  impending  departure. 

In  general,  the  aircraft  flying  qualities  are  such  that,  unless  the  pilot  monitors  angle 

of  attack,  he  may  not  be  aware  of  an  impending  departure  and  may  be  completely  surprised  to  find 
that  control  has  been  lost.  Rapid  roll  divergence  is  usually  the  first  recognizable  cue  that  the 
aircraft  has  departed  from  controlled  flight. 

2.2  Post-Stall  Gyration 

Post-stall  gyrations  are  normally  encountered  during  deep  stall  penetration  (angles  of 
attack  in  excess  of  25  to  28  degrees)  and  after  spin  recovery.  These  motions  may  be  mistaken  as 

the  incipient  phase  of  a  spin.  Post-stall  gyrations  entered  from  unaccelerated  stalls  with  flaps 

and  slats  extended  or  retracted  are  usually  characterized  by  yaw  divergence  (yaw  slice)  at  stall 
which,  because  of  the  roll-due-to-yaw  characteristics  of  the  aircraft  will  produce  roll  divsrgence. 

As  the  aircraft  nose  passes  below  the  horizon,  the  aircraft  may  appear  to  be  entering  a  spin  sippa 
the  combination  of  aircraft  pitch,  roll  and  yaw  attitude  may  result  in  a  tight  nose-down  spiral. 

In  some  instances,  the  aircraft  may  also  enter  a  series  of  rolling  maneuvers  which  can  be  mistaken 
for  a  spin  because  of  the  nose-down  attitude  of  the  aircraft.  Post-stall  gyrations  entered  from 
accelerated  conditions  are  expected  to  exhibit  the  same  characteristics  as  those  entered  from  un¬ 
accelerated  conditions  except  that  possible  roll  reversals  and/or  yaw  reversals  may  occur.  These 
reversals  are  due  to  yaw  divergence  and  will  normally  result  in  rolling  over  the  top  or  under  in 
a  turn  and  yawing  through  approximately  180  to  270  degrees.  During  this  yawing  excursion,  the 
aircraft  nose  will  rise  briefly  and  then  fall  below  the  horizon.  After  the  initial  yaw,  roll,  and 
pitch  maneuver,  the  aircraft  will  exhibit  post-stall  gyration  characteristics  similar  to  those  en¬ 
countered  after  unaccelerated  entries. 

2.3  Developed  Spins 

Developed  spin  entries  are  usually  a  result  of  very  deep  stall  penetration  or  improper 
application  of  spin  recovery  controls.  The  flight  testing  has  not  been  completed  on  the  aircraft; 
consequently,  the  spinning  characteristics  of  all  configurations  have  not  been  confirmed.  Flight 
testing  conducted  to  date  has  been  limited  to  26  degrees  of  wing  sweep  without  external  stores  and 
with  flaps  and  slats  retracted.  Spin  investigations  conducted  during  wind  tunnel  testing  have  in¬ 
dicated  that  the  aircraft  exhibits  a  tendency  to  enter  a  spin  in  any  configuration  and  at  all  wing 
sweeps.  However,  limited  flight  test  results  to  date  have  indicated  a  reluctance  of  the  aircraft 
to  enter  a  devev;J>ed  spin.  Spin  entry  from  a  1  "g"  stall  with  symmetrical  controls  has  been  pos¬ 
sible  in  some  instanc.es  in  the  wind  tunnel  but  has  not  been  encountered  during  the  limited  flight 
testing  conducted  to  date.  During  model  testing,  pro-spin  rudder  and/or  lateral  control  at  stall 
produced  spin  entries  in  all  configurations  tested.  Pro-spin  rudder  was  the  only  method  by  which 
a  spin  was  induced  during  flight  tests.  Crossed  controls  at  or  before  accelerated  stalls  could 
likewise  produce  abrupt  entries  into  erect  or  inverted  spins  and  should  therefore  be  avoided. 

The  aircraft  is  expected  to  enter  spins  from  both  upright  and  inverted  conditions  and  is  expected 
to  exhibit  both  upright  and  inverted  spin  modes. 

2.3.1  Upright  Spins 

Upright  spins  are  expected  to  be  primarily  oscillatory  in  nature  with  excursions  of  up 
to  +35  degrees  in  pitch  and  +35  degrees  in  roll.  The  spin  rates  can  vary  from  A  to  10  seconds  per 
turn.  The  oscillatory  mode  appears  to  be  the  most  predominant  spin  mode  and  is  expected  to  exhibit 
the  following  characteristics.  During  the  initial  phase,  up  to  completion  of  the  first  turn,  the 
aircraft  motions  are  expected  to  be  very  similar  to  those  of  a  post-stall  gyration.  After  comple¬ 
tion  of  the  first  turn,  the  spin  rate  should  stabilize,  and  definite  pitch  and  roll  oscillations 
should  be  apparent  to  the  pilot.  The  pitch  oscillation  will  usually  result  in  movement  of  the 
nose  from  approximately  50  degrees  below  the  horizon  to  10  degrees  above  the  horizon.  Wind  tunnel 
tests  have  also  indicated  that  a  flat  spin  mode  may  be  encountered  at  wing  sweeps  aft  of  35  degrees. 
This  mode  appears  to  be  relatively  free  from  oscillation  about  any  axis,  and  the  spin  rates  are 
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expected  to  vary  from  2  to  4  seconds  per  turn.  The  spin  rate  encountered  in  a  flat  spin  can  pro¬ 
duce  pilot  loads  up  to  5.0  g's  transverse  (forward).  The  flat  spin  mode  should  rarely  be  encoun¬ 
tered,  and  it  is  believed  that  it  would  develop  only  after  an  oscillatory  spin  has  been  permitted 
to  build  up  for  several  turns. 

2.3.2  Inverted  Spins 


Inverted  spins  are  expected  to  be  very  similar  in  nature  to  an  upright  oscillatory  spin 
except  that  the  crew  will  be  subjected  to  a  negative  "g"  condition. 

2.4  Model  Tests 


The  model  testing  conducted  during  the  F-lll  program  has  been  extensive  in  some  areas 
and  lacking  in  others.  Considerable  testing  has  been  conducted  in  the  vertical  and  free  flight 
tunnels,  along  with  radio  control  drop  model  testing.  Very  minimal  force  and  rotary  derivative 
testing  at  high  angle  of  attack  has  been  conducted. 

2.4.1  Vertical  Tunnel  Tests 


The  vertical  tunnel  testing  conducted  on  the  F-lll  is  summarized  in  Figure  1.  As  can 
be  seen  in  this  figure,  considerable  testing  has  been  conducted.  This  testing  has  consisted  of 
determining  basic  aircraft  spin  modes,  predicting  recovery  controls,  and  sizing  the  spin  recovery 
parachute  system.  The  testing  was  conducted  with  a  l/40th-scale  model  at  a  Reynolds  number  of 
approximately  80,000.  As  can  be  seen,  the  Reynolds  number  for  this  type  of  testing  is  very  low; 
therefore,  it  is  felt  that  test  results  from  this  type  of  testing  should  be  used  with  caution. 


The  results  obtained  from  these  tests 
have  indicated  that  the  aircraft  can  exhibit  both 
oscillatory  and  flat  spin  modes  and  that  it  will 
spin  readily.  The  tests  have  also  shown  that 
the  aircraft  may  be  slow  in  recovering  from 
developed  spins.  The  very  Hmited  flight  tests 
conducted  to  date  have  neither  confirmed  nor 
denied  these  results  but  have  indicated  that 
the  aircraft  is  reluctant  to  enter  a  spin. 

On  the  basis  of  the  flight  test  and 
analytical  results  obtained  to  date,  it  appears 
that  the  following  conclusions  can  be  drawn  regarding  the  usefulness  of  the  vertical  spin  tunnel 
data; 

1.  As  a  result  of  scaling  and  Reynolds  number  effects,  the  results  tend  to  be  pessimis¬ 
tic  and  the  data  obtained  from  this  type  of  testing  should  only  be  used  to  examine 
possible  spin  modes,  areas,  general  trends,  and  preliminary  recommended  recovery 
controls  and  to  size  a  spin  recovery  parachute  system. 

2.  As  a  result  of  the  required  testing  techniques,  no  information  can  be  obtained 
regarding  entry  and  post-stall  characteristics  and  no  reliable  technique  is 
available  for  accurately  extrapolating  these  results  to  full  scale. 

2.4.2  Free  Flight  Tests 

Extensive  free  flight  model  testing  has  been  conducted  on  the  F-lll.  The  testing  was 
conducted  by  using  a  1/10-scale  model  in  the  Langley  full-scale  tunnel  at  a  Mach  number  of  approx¬ 
imately  0.10  and  a  Reynolds  number  of  375,000.  Tests  were  conducted  over  a  wing  sweep  range  of 
16  through  72.5  degrees  and  a  lift  coefficient  range  from  approximately  0.5  to  2.2.  The  tests  were 
accomplished  by  actually  flying  the  model  until  stall  or  departure  angle  of  attack  was  achieved. 


NUMBER  OF  TESTS 

%  2000  F-111A  SWIP 

*  800  F-111B  SWIP 

WING  SWEEPS 

CLEAN  A/P  26',  50’,  72.5' 

PUPS  DOWN  20'  PRE-SWIP 

MODEL 

1/40  SCALE  RE  -  0.0S  MILLION/FOOT 

FIG.  1  VERTICAL  SPIN  TUNNEL  TESTS 


In  general,  the  results  of  the  testing  have  shown  that  the  aircraft  stall  will  be  de¬ 
fined  by  yaw  or  roll  divergence.  The  angle  of  attack  at  thich  divergence  was  observed  is  pre¬ 
sented  in  Figure  2  as  a  function  of  wing  sweep.  This  data  '--as  used  to  set  the  angle  of  attack 

limits  for  the  F-lll  and  these  limits  are  shown 
in  this  figure.  The  limits  were  set  to  main¬ 
tain  at  least  8  degrees  of  margin  below  stall 
at  26  degrees  wing  sweep  and  10  degrees  of 
margin  at  72.5  degrees  wing  sweep.  Also  shown 
in  Figure  2  is  the  angle  of  attack  for  which 
stability  axis  static  directional  stability 
(Cnp)  is  calculated  to  be  zero.  The  data  u$ed 
for  this  calculation  was  obtained  from  static 
force  tests  conducted  on  the  free  flight  model 
and  will  be  discussed  in  a  later  section.  The 
diffe  pence  between  the  model  and  predicted  di¬ 
vergence  angle  of  attack  is  probably  due  to 
obtaining  some  effect  from  Cnfi  dynamic  on  the 
model 
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The  departure  angles  of  attack  obtained  from  the  flight  testing  conducted  to  date  are 
also  presented  in  Figure  2.  As  shown,  good  correlation  is  obtained  between  the  model  yaw  diver¬ 
gence  angle  of  attack  and  the  flight  test  values  except  possibly  at  wing  sweeps  forward  of  35 
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degrees.  The  low  value  of  Reynolds  number  at  which  the  free  flight  model  tests  were  conducted 
could  have  resulted  in  more  pronounced  flow  separation  at  wing  sweeps  forward  of  35  degrees  and 
thus  more  conservative  values  of  yaw  divergence. 

On  the  basis  of  analysis  and  comparison  with  flight  test  results,  the  following  conclu¬ 
sions  about  the  usefulness  of  the  free  flight  model  can  be  drawn: 


1.  The  free  flight  model  is  extremely  useful  J~i  determining  the  stall  or  divergence 
angle  of  attack  and  in  setting  initial  angle  of  attack  limits  for  flight  test,  but 
as  a  result  of  the  limitations  of  the  testing  techniques  that  must  be  used,  infor¬ 
mation  on  aircraft  characteristics  after  departure  cannot  be  obtained. 


2.  As  a  result  of  the  low  Reynolds  number  at  which  the  testing  was  conducted,  the  yaw 
divergence  angle  of  attack  determined  from  the  model  may  be  conservative  for  the 
case  of  the  forward  wing  sweeps. 


2.4.3  Radio  Control  Model  Tests 

The  radio  control  drop  model  testing  conducted  on  the  F-lll  is  summarized  in  Figure  3. 

As  can  be  seen,  a  fairly  comprehensive  program 
has  been  conducted  to  determine  basic  aircraft 
entry,  post-stall,  and  spin  characteristics  and 
to  define  acceptable  recovery  techniques. 

The  testing  was  accomplished  by  using 
a  l/Jth-scale  radio  controlled  model  of  the  F-lll 
at  a  Reynolds  number  of  approximately  1.0  million. 
The  model  was  controlled  from  the  ground  and  in¬ 
corporated  a  complete  duplication  of  the  control 
surface  sizes  and  authorities  except  for  the 
spoilers.  It  wa3  determined  that  the  spoilers  were  not  required  since  earlier  force  model  test¬ 
ing  had  shown  them  to  be  ineffective  in  any  axis  at  or  near  the  stall  angle  of  attack.  (The  lim¬ 
ited  F-lll  flight  testing  conducted  to  date  has  indicated  that  this  assumption  may  not  have  been 
valid  since  it  appears  that  the  spoilers  produce  considerable  yaw.)  The  tests  were  conducted  by 
dropping  the  model  from  a  hovering  helicopter  and  pulling  it  into  a  stall  and/or  forcing  it  into 
a  spin.  After  the  model  was  stalled  or  spinning,  the  effect  of  control  application  was  determined. 
Data  v/as  obtained  from  photo  coverage  and  from  an  on-board  data  system.  A  sample  of  the  data  ob¬ 
tained  is  shown  in  Figure  4. 

In  general,  the  results  obtained 
from  this  model  indicated  that  the  aircraft  is 
prone  to  enter  spins  at  all  wing  sweeps.  They 
also  confirmed  the  fact  that  the  aircraft  can 
exhibit  both  oscillatory  and  flat  spin  modes. 
Examination  of  the  control  application  studies 
indicate  that  neutral  to  forward  elevator  is 
pro-spin.  The  optimum  recovery  technique  for 
all  types  of  spins  was  found  to  be  elevator 
full  back,  aileron  full  with  the  spin  and 
rudder  full  against.  The  testing  also  indi¬ 
cated  that  satisfactory  recovery  from  spins 
was  questionable,  especially  from  the  flat 
mode . 

Although  this  testing  technique  re¬ 
presents  a  definite  advancement  over  vertical 
and  free  flight  model  testing,  it  is  still  sub¬ 
ject  to  scaling  effects  and  Reynolds  number 
uncertainties  that  leave  questions  as  to  how 
to  apply  the  data  to  full  scale.  On  the  basis 
of  analysis  and  flight  test  results,  the  follow¬ 
ing  conclusions  can  be  drawn: 

1.  The  results  obtained  from  this 
type  of  testing  should  be  more 
representative  of  full  scale 
and  allows  examination  of  entry 
conditions,  post-stall  behavior, 
spin  mode  determination,  and  re¬ 
covery  techniques  all  in  one 
model. 


NUMBER  OF  TESTS 

47  F-1IIA  PRE-SW1P 

WING  SWEEPS 

CLEAN  A  IP  K\  4)*,  SO*,  TIS' 

MODEL 

1/9  SCALE  RE  - 10  MlUION/FOOT 

FIG.  3  RADIO  CONTROL  DROP  MODEL  TESTS 


2,  As  a  result  of  low  Reynolds  number  and  Mach  number  test  conditions,  the  ability  to 
extrapolate  the  results  to  full  scale  is  questionable. 


3.  Limited  flight  test  data  and  simulator  analysis  have  indicated  that  forward  or 
neutral  elevator  control  is  not  pro-spin  and  that  stick  forward  and  aileron  with 
the  spin  may  be  as  effective  a  recovery  control  technique  as  stick  ba..k  and 
aileron  with  spin, 
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2.4.4  Static  and  Dynamic  Force  Model  Tests 

Very  limited  static  force  and  dynamic  testing  at  stall  angle  of  attack  and  above  has 
been  conducted  on  the  F-lll.  The  majority  of  the  testing  conducted  across  the  Mach  range  for  docu¬ 
mentation  purposes  has  been  obtained  on  the  l/15th-scale  and  l/24th-scale  models  at  approximately 
2.5  million  Reynolds  number,  and  this  testing  was  limited  to  approximately  20  degrees  angle  of 
attack  because  of  model  strength  or  balance  capacity  limits. 

The  limited  amount  of  static  force  and  dynamic  testing  conducted  at  high  angle  of  attack 
is  presented  in  Figure  5.  As  can  be  seen,  the  data  has  been  limited  to  low  Mach  numbers.  The  max¬ 
imum  Reynolds  number  that  could  be  obtained  was  limited  by  model  strength  or  balance  capacity  limits. 

Past  experience  has  indicated  that, 
in  the  case  of  an  aircraft  with  a  long  pointed 
nose,  it  is  very  important  to  test  at  a  Reynolds 
number  in  excess  of  the  critical  Reynolds  number 
of  the  fuselage  to  prevent  premature  flow  separ¬ 
ation  on  the  nose.  An  example  of  the  effect  of 
nose  shape  on  the  yawing  moment  coefficient  (Cn) 
versus  angle  of  attack  at  zero  sideslip  is  shown 
in  Figure  6.  It  can  be  concluded  from  looking 
at  the  data  in  Figure  6  that  the  longer  and  more 
pointed  the  nose,  the  greater  the  tendency  and 
the  stronger  the  separation  on  the  nose  will  be. 
Figure  7  contains  a  summary  of  the  data  obtained 
from  various  scaled  models  of  the  F-lll  which 
were  run  in  different  tunnels.  The  data  indi¬ 
cates  that  the  nonlinearity  in  yawing  moment 
shows  r.u  definite  trend  and  is  probably  a  func¬ 
tion  of  model  nose  shape  irregularities  or  tunnel 
flow  conditions.  Because  of  the  lack  of  repeat¬ 
ability  and  the  fact  that  using  the  nonlinear 
data  in  the  Convair  high  angle  of  attack  simula¬ 
tor  will  not  duplicate  flight  test,  it  is  our 
belief  that  the  data  was  not  obtained  at  suffi¬ 
ciently  high  Reynolds  number.  It  is  also  our 
belief  that,  if  the  model  had  been  capable  of 
being  tested  at  higher  Reynolds  numbers,  the 
nonlinearities  would  not  have  been  present.  It 
is  hoped  that  the  new  proposed  l/12th-scale,  high- 
strength  model  will  prove  this  contention  one  way 
or  the  other.  An  example  of  the  variation  with 
angle  of  attack  of  the  static  stability  parameter 
Cn a  obtained  from  model  tests  and  that  required 
to^make  the  simulator  fly  like  the  aircraft  are 
shown  in  Figure  8. 


Although  little  has  been  said  about 
the  dynamic  data  obtained,  the  same  nonlinear¬ 
ities  exist  in  the  data  over  the  same  angle-of- 
attack  range.  It  has  therefore  been  concluded 
that  the  nonlinearities  obtained  to  date  are 
questionable  and  are  affected  by  the  nose  con¬ 
figuration  and  Reynolds  number  just  as  the  static 
data  is  affected. 


On  the  basis  of  the  data  analysis  and 
testing  conducted  to  date,  the  following  conclu¬ 
sions  can  be  drawn: 

1.  Use  of  the  static  and  dynamic  data 
obtained  to  date  in  our  high-angle- 
of-actack  simulator  has  failed  to 
reproduce  the  aircraft  motion  ob¬ 
tained  from  the  stall/post-stall 
flight  test  r.-ogram. 


2.  Use  of  the  static  and  dynamic  data 
obtained  to  date  by  NASA  in  theore¬ 
tical  spin  calculations  could  not 
reproduce  the  motions  obtained 
from  testing  the  free  flight  model. 

nose  flow  separation  characteristics  has  not 
been  determined  because  of  model  strength  or  balance  limits. 

4.  No  testing  has  been  conducted  to  determine  the  effect  of  both  Mach  and  Reynolds 
number  on  the  static  and  dynamic  stability  characteristics. 
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FIG.  5  SUMMARY  OF  WIND  TUNNEL  DATA  AVAIUUE 


FIG.  i  VARIATION  OF  YAWING-MOMENT  COEFFICIENT  WITH 
ANGLE  OF  ATTACK  FOR  SEVERAL  AIRPLANES 


3.  The  effect  of  Reynolds  number  on 
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2.5 


Flight  Test  Results 


FIG.  8  F-lll  BOOT  AXIS  DIKCVONAL  STASUTY 


The  stall/spin  flight  test  program 
for  the  F-lll  is  one  which  has  undergone  tremen¬ 
dous  change. s  The  original  program  was  designed 
to  satisfy  the  classic  spin  demonstration  speci¬ 
fication,  MIL-S-25015.-  Consequently,  plans  wfre  . 
made  to  conduct  some  495  spins.  The  program  was 
projected  to  last  two:  years,  and  cost  was  esti¬ 
mated  to  be  approximately  10  million  dollars. 

.  As  a  result  of'  a  delay  in'  the  pro¬ 

duction  airplane  stall/spin  program  which  was  * 
caused  by  reorientation  o'f  the  flight  test  pro- 
.gram,  a  two-phase  stall/post-stall  'investiga-  ‘ 
ticn  program  was  initiated.  Subsequent  loss  of 
an  F-111A  in  a  spin  accident  resulted  in  the 
formation  df  an  F-lll  Ad  Hoc  committee  to  eval¬ 
uate  the  F-lll  stall/spin  program.  During  the 
course  of  the  coamittee  hearings,  it  was  recom¬ 
mended  that  the  classic  spin  demonstration  pro¬ 


gram  approved  for  the  F-lll  b2  changed  to  a  program  of  stall/postrstall  investigation  and  spin 
prevention.  Since  the  F-4  had  successfully  completed  such  a  program  at  this  time  and  the  desir¬ 
ability  of  doing  a  classic  spin  program  was  being  questioned  by  both  industry  and  government 
agencies,  the  committee  recommended  that  the  F-lll  program  be  changed.  . 


2.5.1 


Early  Testing 
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Early  stall  testing  on  the  F-lll  was  mainly  conducted  in  support  cf  maximum  lift. 
Demonstration  testing  was  accomplished  on  boiler-plate,  high-lift  versions  of  the  proposed  pro¬ 
duction  systems  on  F-111A  Number  4  and  21.  A  summary  of  the  amount  of  testing  conducted  in  sup¬ 
port  of  the  high  lift  evaluations  is  presented  in  Figure  9.  Very  limited  data  on  the  post-stall 

characteristics  of. the  aircraft  were  obtained 
during  this  testing  since  the  testing  was  ter¬ 
minated  as  soon  as  the, maximum  lift  coefficient 
was  obtained.  ' 

'  As  mentioned  above,  a  short  program, 

was  initiated  on  F-111A  Number  4;  to  obtain  an 
early  look  at  the  stall/post-stall/spin  charac¬ 
teristics  of  the  F-lll.  '  The  program  was  limited 
to  examination  of  1.0-g  and  2.0-g  entries  and 
recovery  characteristics.  A  summary ‘of  ;the: 
testing  conducted  during  this  program  is  also 
presented  in  Figure  9.  As  can  be  seen,  the 
testing  was  limited  and  covered  only  26  and  • 

35  degrees  of  wing  sweep.  Testing  aft  of  these 
sweeps  was  not  attempted  because  of  the  size  ojf  the  recovery  chute.  NASA  directed  that  we  in¬ 
crease  the  size  of  the  recovery  chute  from  35  to  45  fqet  in  order  to  assure  recovery  from  the 
fast  flat  3pin  mode  that  may  be  encounteired  at  aft  wing  sweeps.  This  increased  chute  size 
requirement  and  the  subsequent  loss  of  F-111A  Number  4  brought  the  early  testing  to  a  halt.  In 
general,  the  results  of  the  early  test  program  showed  the  following:  : 

1.  Aircraft  flying  qualities  are  such  that  the  pilot  may  not  be  aware  of  impending 
departure  and  will  always  depart  in  yaw,  which  will  result  in  roll  divergence. 

I 

2.  It  is  very  difficult  for  the  pilot  to  distinguish  between  a  post-stall  gyration 
and  a  spin  because  of  the  nose-down  attitude  and  the  rolling  motions. 

3.  The  aircraft  at  26  degrees  of  wing  sweep  was,  reluctant  to  enter  a  spin  and  recom¬ 
mended  spin  recovery  controls  must  be  removed  very  quickly  or  the  aircraft  will 


FIG  9  F-lll,  FllGhT  TFST  SUMMARY 


2.5.2 


enter  a  spin  in  the  opposite  direction. 
Current  Testing 


The  current  stall/post-stall  gyration  investigation  and  spin  avoidance  program  being 
conducted  on  the  F-lll  is  an  outgrowth  of  recommendations  from  us  and  the  Ad  Hoc  committee.  As 
the  title  of  the  program  suggests,  the  current  program  is,  oriented  toward  an  understanding  of  •  ■ 
the  aircraft  stall  and  post-stall  characteristics  and  the  prevention  of  spins.  We  have  long  con¬ 
tended  that  the  ideal  flight  test  program  should  be  a  blend  of  stall/post-stall  investigations  and 
spiti  testing.  The  exact  ratio  is  a  function  of  the  aircraft  mission.  It  is  obvious  that  the  ratio 
required  for  a  fighter  would  be  different  from  that  required  for  a  bomber.  No  intentional  spins 
are  currently  programmed  during  Convair's  Category  I  program.  If  an  inadvertent  spin  is  encoun¬ 
tered,  recommended  spin  recovery  controls  will  be  applied  and  evaluated. 


A  summary  of  the  current  program  is  presented  in  Figure  10.  As  shown  in  this  figure, 
the  program  is  being  conducted  in  two  phases  or  Block  Flight  Test  Plans  (BFTP).  The  first  phase, 
BFTP-30,  is  designed  to  examine  1.0-g  and  2.0-g  entries  at  selected  wing  sweeps.  This  phase  is 
designed  to  produce  data  for  evaluating  the  aircraft  characteristics  under  relatively  controlled 
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conditions.  The  second  phase,  EFTP-38A,  is 
designed  to  waninf  the  aircraft  stall  char¬ 
acteristics  daring  dynamic  maneuvering  condi¬ 
tions.  the  data  from  these  tests  vill  be  used 
to  determine  the  mariimm  rec emended  maneuver¬ 
ing  angle  of  attack  for  the  aircraft. 
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ns.  to  cumm  aatcacr  t  man  test  mcgjuh 


_  To  date,  very  little  of  the  current 

•moot  worn  tbt  tt**  mm— *»*  program  has  been  accomplished.  Initial  testing 

"'r ’rrr’  during  the  first  phase  was  terminated  after 

-  ii-  i-i  n .in  ii  — toot  three  data  flights  because  of  encountering  a 

11 SR Sm Si Smvcl 5 it** *"* **"* '*'  post-stall  node  which  we  did  not  understand 

mtM9ttmwmuamtr.-r.tr  mm  nr  wmctmr  and  cculd  not  recover  from  by  using  doe  pre- 

:  briefed  recovery  controls.  The  spin  recovery 

_ : _ chute  was  used  to  recover  the  aircraft,  but  it 

os.  to  cumm  CAitccrr  t  man  mj  ncauu  failed  because  it  was  deployed  at  three  tines 

design  "q”-  Later  analysis  of  the  flight  test 
:  data  and  simulation  on  the  Convair  high-angle- 

of -attack  simulator  revealed  that  the  application  of  the  selected  recovery  controls  resulted  in 
coupling  at  angles  of  attack  below  stall.  Therefore,  when  the  recovery  controls  were  applied,  the 
.aircraft  was  not  stalled  and  entered  a  pitch/ roll  coupling  code.  This  code  had  never  been  encoun¬ 
tered  before,  and  since  it  is  usually  associated  with  higher  speeds,  it  was  not  investigated  in 
the  regime  of  stall  speeds.  The  data  analysis  methods  used  and  a  discussion  of  the  Convair  high- 
angle-of-attack  simulator  will  be  covered  in  Section  2.6.  A  discussion  of  the  proposed  Convair 
stall  inhibitor  system  for  the  F-lll  will  also  be  provided  in  that  section. 

'  The  current  schedule  calls  for  completion  of  our  portion  of  the  flight  test  program  in 
July  of  this  year.  At  that  time,  the  aircraft  will  be  turned  over  to  the  Air  Force  at  Edwards  Air 
Force  Base  for  evaluation.  It  is  estimated  that  the  Air  Force  program  will  cover  approximately 
one  year  and  will  be  designed  to  be  the  first  program  to  be  run  against  the  new  spin  demonstration 
Mil  Specification  (KIL-S-83691) . 

The  results  of  the  testing  conducted  to  date  on  F-111A  Number  21  have  shown  the  follow¬ 
ing: 

1.  Application  of  lateral  control  with  the  roll  or  yawing  motion  combined  with  for- 

;  ward  stick  at  angles  of  attack  below  stall  can  result  in  pitch/roil  coupling. 

Simply  neutralizing  controls  will  produce  recovery. 

2.  Application  of  forward  stick  in  combination  with  aileron  at  angles  of  attack 
above  stall  appears  to  be  a  very  effective  recovery  technique. 


2.6  Analytical  Program  Results 

The  analytical  program  originally  planned  for  the  F-lll  was  one  in  which  both  static 
.and  dynamic  testing  were  used  in  conjunction  with  catapult  launched  model  data.  The  catapult 
launched  model  was  later  replaced  by  the  radio-controlled  model.  The  original  plan  was  to  ob¬ 
tain  static  and  dynamic  testing  over  the  expected  aircraft  entry  Mach  range  at  high  angles  of 
attack  and  Reynolds  number.  This  data  would  then  be  used  in  a  six-degree-of-freedoa  digital  or 
simulation  program  to  predict  stall/post-stall/spin  characteristics.  The  predicted  characteris¬ 
tics  were  to  be  compared  to  the  drop  model  results  at  the  same  conditions  and  the  data  adjusted 
to  match  the  drop  model.  Predictions  were  then  to  be  made  at  actual  flight  test  conditions  and 
compared  with  flight  test  data.  It  was  believed  that  the  flight  test  program  could  be  shortened 
considerably  through  the  use  of  a  checkout  analytical  program.  It  was  also  felt  that  the  use  of 
an  analytical  program  would  result  in  our  obtaining  considerably  more  detailed  analysis  of  the 
stall/post-scall/spin  mechanics  at  a  cost  considerably  less  than  that  of  flight  testing. 

! 

The  original  F-lll  analytical  program  was  terminated  in  early  1966.  The  basic  reason 
for  cancellation  of  the  program  was  that  the  feasibility  of  an  analytical  program  was  doubted  as 
a  result  of  suspected  uncertainties  in  interpretation  and  in  the  use  of  force  and  dyanmic  uata. 
Since  this  basic  doubt  existed,  there  was  reluctance  to  spend  the  necessary  wind  tunnel  time  to 
obtain  sufficient  data  for  an  adequate  data  bank.  We  and  the  F-lll  System  Project  Office  (SPO) 
have-  always  felt  that  the  analytical  program  was  obtainable.  After  the  cancellation  of  the  analy¬ 
tical  program,  it  was  decided  to  take  the  flight  test  data  and  wind  tunnel  data  available  and  build 
a  high-angl'e-of-attack  simulation.  The  first  step  in  the  plan  was  to  use  all  the  available  wind 
tunnel  data  in  the  simulation  and  attempt  to  match  a  flight  test  maneuver.  It  soon  became  obvious 
that  the  aerodynamic  data  available  was  not  sufficient  to  reproduce  the  flight  test  maneuver 
chosen  for  this  matching  (Flight  92  of  F-lllA  Number  21).  It  was  then  decided  to  try  to  obtain 
aerodynamic  data  from  flight  test  by  using  regression  techniques. 

The  selected  regression  techn.que  uses  flight  test  information  to  determine  aircraft 
linear  and  angular  accelerations  at  tne  center  of  gravity.  Then,  the  six  total  aerodynamic  coef¬ 
ficients  were  calculated  by  using  the  flight  test  rates  and  accelerations  and  known  inertial  and 
engine  gyroscopic  characteristics.  Next,  the  flight  test  time  histories  of  rates,  velocities, 
and  surface  positions  were  fed  into  the  simulator,  and  the  six  total  aerodynamic  coefficients 
were  calculated.  The  total  aerodynamics  obtained  from  flight  test  and  the  simulator  were  then 
compared  to  determine  how  closely  the  simulator  represented  the  aircraft.  A  sample  flow  diagram 
of  the  process  is  shown  in  Figure  11. 
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After  a  total  coefficient  comparison 
is  completed,  the  iadfai&al  aerodjeade  deri¬ 
vatives  are  adjusted  is  the  simulator  data  baak 
to  make  the  simulator  and  flight  test  coeffi¬ 
cients  march.  A  sample  of  the  comparisons  ob¬ 
tained  for  Che  pitch/roll  coupling  maneuver 
experienced  on  Flight  99  of  F-111A  Sasser  21 
is  presented  in  Figures  12  and  13.  It  is  cur¬ 
rently  planned  to  conduct  this  type  of  analysis 
on  all  th&  flights  cocdocted  during  the  testing 
of  3 FT? -30.  3y  using  the  regression  techniques 
described  above  and  the  data  obtained  from  the 
current  flight  test  program,  it  is  our  inten¬ 
tion  to  develop  a  feigh-asgle-of-attack  simula¬ 
tor  that  will  be  truly  representative  of  the 
F-lll  aircraft. 

As  a  result  of  the  aircraft  lost 
because  of  s tall/post -stall  related  accidents 
and  the  development  of  the  high-angle-of-attack 
simulator,  Ccnvair  has  proposed  a  stall  inhibi¬ 
tor  system  (SIS)  for  the  F-lll.  The  F-lll  SFO 
has  authorized  development  of  two  sets  of  flight 
test  hardware,  and  a  proposal  has  been  submitted 
for  flight  testing.  In  general,  the  system  con¬ 
tains  an  angle  of  attack  limiter,  a  beta  reducer, 
and  an  inertial  coupling  reducer.  A  simplified 
block  diagram  of  the  proposed  SIS  is  shown  in 
Figure  14. 


The  angle  of  attack  limiter  is  de¬ 
signed  so  that  the  cazirm  angle  of  attack 
which  Che  aircraft  can  obtain  with  full  back 
elevator  control  is  approximately  25  degrees. 
Since  divergence  angle  of  attack  is  approxi¬ 
mately  28  degrees,  the  SIS  is  not  limiting  the 
useful  angle  of  attack  of  the  aircraft.  The 
beta  reducer  function  of  the  SIS  was  added 
since  both  lateral  control  and  directional  sta¬ 
bility  are  minimal  at  high  angles  of  attack. 

The  beta  reducer  function  essentially  stiffens 
the  aircraft  by  use  of  a  rudder  aileron  inter¬ 
connect  (ARI)  and  by  feeding  rudder  to  oppose 
stability  axis  yaw  rate.  The  ARI  also  helps 
coordinate  rolling  maneuvers  at  high  angles  cf 
attack.  The  inertial  coupling  reducer  was 
added  as  a  result  cf  the  coupling  encountered 
on  Flight  99  of  F-111A  Number  21.  Essentially, 
the  inertial  coupling  reducer  feeds  back  rudder 
as  a  function  of  pitch  and  roll  rate  to  reduce 
the  sideslip  which  keeps  the  system  coupled. 
Although  the  proposed  SIS  does  not  prevent  the 
aircraft  from  being  intentionally  stalled,  it 
provides  protection  from  inadvertent  entries. 

If  the  aircraft  is  stalled  with  the  SIS  oper¬ 
ating,  the  pilot  must  want  to  stall  the  aircraft. 

3.  CONCLUSIONS 

3.1  Vertical  Tunnel  Tests 

On  the  basis  of  the  results  obtained 
from  the  vertical  tunnel,  it  is  felt  that  use 
of  this  type  of  testing  should  be  limited  in 
scope.  It  appears  that  the  usefulness  of  this 
data  is  limited  to  predicting  possible  spin 
modes,  recovery  controls  and  recover;  parachute 
system  sizing.  Use  of  the  data  to  determine 
the  susceptibility  of  an  aircraft  to  enter  the 
spin  modes  is  not  within  the  current  state-of- 
the-art. 


3.2  Free  Flight  Tests 


This  type  of  testing  is  an  excellent 
method  of  determining  the  angle  of  attack  at 
which  yaw  divergence  can  be  expected.  Although 
the  data  obtained  from  the  free  flight  model  may 
tend  to  be  conservative,  it  is  exce.'ent  informa¬ 
tion  upon  which  to  base  flight  test  any-le-of-attack 
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Halt*.  The  otin  drawback  is  the  low  Reynolds  and  Mach  aabtr  of  the  tests  sad  the  inability  to 
marine  anything  but  departure  characteristics. 

3.3  Radlo-Coc  trolled  Drop  ifcdel  Tests 

The  advantages  of  this  type  of  testing  over  the  vertical  and  free  flight  testing  tech¬ 
niques  are  obvious.  Sot  coly  does  it  provide  information  on  departure  characteristics,  but  it 
also  allows  erawi nation  of  the  post-stall  and  spin  susceptibility  characteristics.  The  basic 
drawback  is  the  low  Mach  and  Reynolds  nun  her  conditions  at  which  the  data  is  obtained.  Use  of 
the  F-lll  drop  model  date  has  been  llvifed  to  determining  trends  since  no  attempt  was  made  to  ob¬ 
tain  aerodynamic  data  from  which  to  stake  full-scale  predictions.  Use  of  this  type  of  model  test 
to  obtain  aerodynamic  data  for  application  in  a  prediction  technique  would  be  of  tremendous 
value. 


3.4  Static  Force  Model  Tests 


Static  force  and  dynacic  derivative  data  is  a  very  important  part  of  any  stail/pcst- 
S tall/ spin  investigation  program.  Without  this  type  of  data  it  is  almost  impossible  to  examine 
the  individual  effect  cf  each  aerodynamic  derivative  on  the  s tall/pos t-s tall/ spin  characteristics 
of  the  aircraft.  The  static  force  and  dynamic  derivative  data  obtained  on  the  F-lll  were  very 
minimal  and  were  obtained  at  low  Mach  nonbers.  It  is  also  believed  that  the  data  were  obtained 
at  Reynolds  mmbers  below  the  critical  fuselage  value.  The  actual  flight  test  tine  histories  of 
maneuvers  could  not  be  duplicated  by  using  the  force  and  dynamic  data  available  on  the  F-lll  in 
the  high-angle-of-attack  simulator.  To  date,  it  is  not  known  if  this  inability  to  natch  flight 
test  data  is  due  to  Mach,  Reynolds  number,  or  other  effects.  It  is  felt  that  a  program  should 
be  initiated  to  resolve  this  dileuma. 

3-5  Flight  Test 

The  flight  test  program  for  stall/post-stall/spin  investigation  of  an  aircraft  should 
be  one  in  which  the  emphasis  is  placed  on  stall/post-stall  recovery  procedures  and  spin  suscep¬ 
tibility.  If  a  spin  susceptible  area  is  found,  thi  spin  recovery  characteristics  should  be 
evaluated.  The  extent  to  which  this  investigation  should  be  pursued  would  depend  m  the  mission 
requirements  for  the  aircraft.  It  is  believed  that  the  new  spin  demonstration  MIL  Specification 
(MTL-S-83691)  represents  an  attempt  to  provide  the  procedures  necessary  for  identifying  aircraft 
stall/post-stall/spin  characteristics.  The  main  drawback  to  the  new  specification  is  that  the 
contractor  must  assume  that  he  will  have  to  perform  all  phases  of  the  testing  required  and  old 
it  accordingly.  Consequently,  the  cost  of  the  program  is  maximized. 

3.6  Analytical  Programs 

As  a  result  of  the  work  done  on  both  the  B-58  and  F-lll  aircraft,  it  is  our  opinion 
that  aircraft  stall/post-stall/spin  characteristics  can  be  predicted  by  means  of  analytical 
programs.  It  is  also  our  feeling  that  they  should  be  used  more  and  more  to  reduce  the  costs  and 
hazards  normally  required  to  determine  and  demonstrate  the  stall/post-stall/spin  characteristics 
of  an  aircraft.  This  opinion  is  based  on  the  fact  that  aerodynamic  data  can  be  extracted  from 
either  flight  or  drop  model  tests. 

3.7  Recoanendations  for  Future  Programs 

In  view  of  the  experience  gained  during  the  B-58  and  F-lll  programs ,  it  is  our  opinion 
that  future  programs  directed  to  the  determination  of  stall/post-stall/spin  characteristics  should 
be  conducted  as  follows: 

1.  Obtain  a  baseline  data  bank  for  use  in  a  six-degree-of- freedom  simulation. 

Data  should  consist  of  high-angle-of-attack  force  and  dynamic  data  obtained 
at  high  Reynolds  number  over  the  expected  entry  Mach  range. 

2.  Conduct  drop  model  tests  with  a  model  instrumented  well  enough  to  permit 
use  of  regression  techniques  to  obtain  total  aerodynamic  coefficients. 

If  the  model  could  be  dropped  at  higher  "q"  conditions,  the  quality  of 
the  data  would  be  improved.  Compare  total  aerodynamic  coefficients  of 
model  and  simulation  data  and  use  the  resulting  data  to  update  the  aero¬ 
dynamic  data  bank. 

3.  Conduct  a  limited  flight  test  program  to  obtain  sufficient  lata  to  update 

the  simulation  data  bank.  Aerodynamic  data  would  be  updated  by  using  the  same 
regression  techniques  as  those  used  on  model  data. 

4.  Use  simulation  to  determine  areas  where  aircraft  is  most  susceptible  to 
stall/post-stall/spin  entries  and  subsequently  demoi;<  tate  the  character¬ 
istics  of  interest  by  flight  test  in  these  ar  a: 


2G7 


POST-STALL  AERODYNAMICS  OF  THE  "HARRIER”  GR1 
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SUMMARY 


The  wing  of  the  Ha-  "Harriet  ”  GRl  had  to  achieve  high  usable  lift  coefficients 
during  manoeuvring  at  subsonic  speeds,  without  incurring  a  weight  penalty  for  leading 
edge  devices-  It  was  designed  so  that,  after  buffet  onset,  the  areas  of  boundary  layer 
separation  spread  steadily  and  symmetrically  as  incidence  increases. 

Planform  sections  and  twist  were  designed  with  this  objective,  and  arrays  of 
B-  L,  C.  devices  (such  as  vortex  generators)  were  intended  from  the  start.  Arrays 
of  fences  and  vortex  generators  had  important  effects  on  maximum  usable  lift  and 
post -buffet  flight  steadiness. 

Since  the  developed  configuration  of  this  aircraft  is  free  from  post-ouffet 
flying  vices  st--_h  as  wing  drop,  wing  rock  or  pitch-up,  the  maximum  usable  lift  at 
mode.  ;:e  altitudes  can  be  determined  by  the  intensity  of  buffeting.  The  simple-minded 
met  u- c  of  buffet  pr.  dictic-n  outlined  gives  results  which  are  consistent  with  flight 
measurements  on  several  aircraft. 


PPOBLEMES  AERODYNAMIQUES  COXSECUTIFS 
AU  PKENOMEXE  DE  DECROCHAGE  SUR  LE  "HARRIER”  GR1 

SOMMAIRE 


Durant  les  manoeuvres  aux  vitesses  subsoniques,  la  voilure  du  "Harrier"  GR1 
devait  se  caract£riser  par  des  coefficients  de  portance  Sieves  sans  faire  appel  3  des 
dispositifs  de  bord  d'attaque,  lesquels  entratneraient  une  indSsirable  augmentation  de 
poids.  Elle  6tait  con^ue  de  fa^on  qu'aprSs  le  dgbut  du  buffeting,  les  zones  de  dScollement 
da  la  couche  limite  se  propagent  d'une  maniSre  rfiguliSre  et  symCtrique  lorsque 
l'incidence  augmente. 

La  forme  en  plan,  les  coupes  et  le  vrillag-  etaient  concus  dans  ce  but  et  les 
dispositifs  de  controle  de  la  ccucke  limite  Staient  envisages  dSs  le  d£but.  Cloisons 
et  g(?n£rateurs  de  tourbillons  avaient  une  influence  marquante  sur  la  portance 
maximum  disponible  et  la  stability  de  vol  cons§cutives  au  buffeting. 

La  configuration  de  l'avion  qui  fut  mise  au  point  ne  se  caractSrise,  aprSs  le 
buffeting,  par  aucun  vice,  tel  que  perte  de  portance,  oscillation  de  la  voilure  ou 
cabrage.  Aux  moyennes  altitudes,  la  portance  maximum  disponible  peut  5hre  dStermin6e 
par  l'intensit€  du  buffeting.  La  simple  m^thode  esquissSe  p>ermet  d'Svaluer  l'effet  du 
buffeting  et  les  rSsultats  obtenus  s'accordent  avec  les  mesures  faites  sur  plusieurs  av»ons. 
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1.  INTRODUCTION 

In  order  to  appreciate  why  the  wing  of  the  "Harrier”  was  designed  that  way  it  is 
necessary  to  understand  the  fac  tors  that  determine  the  usefulness  of  the  aircraft. 

The  essential  function  of  the  Harrier  is  to  carry  various  external  stores  at  high  subsonic 
speed  from  a  confined  site,  perform  those  manoeuv  res  necessary  to  deliver  the  load  on  target, 
and  return  to  land  on  the  confined  site.  Since  the  take-off  and  landing  sites  may  be  as  small 
as  a  tennis  court,  the  all-up  weight  of  take-off  is  determined  by  the  installed  thrust.  Then  the 
total  useful  load  of  stores  and  fuel  is  given  by  the  excess  of  the  thrust  over  the  basic  weight  of 
the  aircraft.  This  was  maximised  by  making  toe  air  intake  efficiency  very  high  and  the  basic 
weight  of  the  aircraft  very  low. 

We  will  see  that  the  wing  design  was  a  very  important  factor  in  achieving  high  load  and 
range  capability.  For  example,  if  the  total  useful  load  were  as  much  as  one  half  of  the  basic 
weight,  then  a  reduction  of  basic  weight  would  permit  2%  in<  rease  of  stores  -plus  -fuel.  If 
this  were  used  for  extra  fuel  the  rr-.ge  might  be  increased  by  about  3%,  while  if  used  for  store 
load  this  would  be  worth  perhaps  6%  more  load.  Due  to  the  cumulative  effects  of  resizing  an 
aircraft  during  the  initial  design  stage,  that  final  1%  weight  saving  could  result  from  an  initial 
reduction  only  one-third  as  large.  In  addition  to  the  direct  effects  of  weight,  reducing  wing 
area  also  reduces  drag,  fuel  requirements  and  so  on.  Thus  we  see  that  the  primary  aim  of  the 
wing  design  was  to  reduce  the  weight  and  size  as  much  as  possible,  consistent  with  providing 
the  required  flying  qualities. 

Now  the  fundamental  advantage  of  the  vectored-thrust  aircraft  is  the  fact  that  it  is  freed 
from  the  conventional  aircraft's  penalty  of  a  heavy  wing  and  flap  system  for  take-off.  Even  if 
the  aircraft  is  heavily  over-loaded  and  has  available  a  conventional  runway,  it  is  more  efficient 
to  vector  the  thrust  at  take-off  so  that  only  a  small  fraction  of  the  weight  has  to  be  lifted  by  the 
wing.  So  the  size  of  the  wing  can  be  reduced  until  it  is  just  sufficient  to  provide  the 
manoeuvrability  required  at  combat  conditions.  This  clearly  indicates  the  design  problem:  how 
to  achieve  the  required  usable  manoeuvrability  from  the  lightest  and  smallest  wing?  The  more 
important  conditions  involved  Mach  numbers  from  0. 6  to  about  0. 9,  at  high  altitudes. 


2.  WING  DESIGN 

Obviously  this  aim  calls  for  a  combination  of  high  structural  efficiency  and  high  usable 
lift  coefficient.  Now  most  of  the  wing  weight  is  concentrated  near  the  wing  root:  indeed,  on 
aircraft  with  proportions  similar  to  the  Harrier,  much  of  the  weight  is  in  the  part  that  crosses 
the  fuselage.  Therefore,  the  wing  was  given  a  large  root  chord  and  fairly  large  thickness/chord 
ratio  at  the  root.  Both  the  chord  and  the  thickncss/chord  ratio  were  reduced  sharply  towards 
the  tips  -  where  the  aerodynamics  is  more  crucial.  Thus  we  had  high  structural  efficiency  where 
the  weight  was  concentrated,  and  slim  sections  where  the  aerodynamics  problems  dominated. 

The  planforra  had  been  chosen  to  provide  a  high  maximum  usable  lift  coefficient  for  the 
chosen  sweepback,  according  to  the  indications  of  ref.  1 .  These  choices  of  thickness  taper  and 
basic  piriform  had  been  worked  out  for  the  previous  aircraft  -  the  ’Kestrel",  but  the  Kestrel's 
wing  was  not  good  enough  for  the  Harrier.  There  would  be  10%  more  weight  to  be  manoeuvred, 
and  the  ext. 'a  external  stores  would  reduce  the  pitching  stability.  More  serious,  the  Kestrel 
indulged  in  "wing  rocking"  without  warning  at  Mach  numbers  between  about  0. 7  and  0. 9,  at  lift 
coefficients  where  otherwise  light  buffet  might  be  expected.  The  pilots  did  not  like  being  rocked 
suddenly  by  up  tc  ±25°,  so  in  effect  they  restricted  their  manoeuvres  well  below  the  buffet 
boundary.  Despite  these  deficiencies,  the  Kestrel's  wing  provided  quite  good  usable  lift 
coefficients  in  the  combat  speed  range. 

Now  the  Harrier  had  to  be  in  service  quickly  and  with  minimum  expense,  so  there  was 
the  usual  designei 's  brief:  improve  it  all  without  changing  anything  (as  far  as  possible). 
However,  it  was  considered  that  all  the  improvements  needed  could  be  provided  without  changing 
the  'ront  spar  or  any  structure  aft  of  that.  To  improve  the  stability  an  extended  wingtip  would  be 
provided.  To  increase  the  usable  lift  coefficient  and  eliminate  the  unheralded  wing  rocking,  the 
shape  forward  of  the  front  spar  would  be  redesigned  in  accordance  with  a  new  philosophy  that 
already  had  been  partly  developed  (for  the  P.  1154  -  which  had  just  been  cancelled).  Fig.  1  shows 
the  extent  of  the  alterations  that  were  made  from  the  planform  of  the  Kestrel. 


The  wingtip  extension  moved  the  aerodynamic  centre  the  right  amount  aft,  so  that  solved 
the  pitching  stability  problem.  In  the  process  the  section  shapes  were  redesigned  so  that 
supercritical  flow  could  develop  over  the  curved  tip  without  shocks.  We  will  spo  later  that  these 
wingtip  s  do  not  stall. 

It  was  decided  to  base  the  redesigned  leading  portion  of  the  wing  on  the  supercritical 
aerofoil  sections  that  bad  been  developed  earlier  for  the  P.  1154.  These  aerofoils  were  able  to 
produce  supercritical  flow  over  the  front  half  of  the  chord,  terminated  by  shock  waves  of  modest 
strength.  These  sections  wouid  provide  more  lift  at  combat  speeds  before  the  boundary  layer 
started  separating,  -  but  the  Harrier  was  to  be  flown  without  restrictions  to  incidences  far 
beyond  buffet  onset  -  so  the  remaining  problem  was  how  to  achieve  the  highest  possible  usable 
lift  beyond  buffet  onset. 


3.  DESIGN  FOR  POST -STALL  MANOEUVRABILITY 


3.1  Buffet 

Oi  the  wings  of  this  sort  of  planform,  the  lift  curve  may  continue  to  rise  with  incidence 
beyond  the  point  at  which  boundary  layer  separation  starts  (point  B,  in  fig.  2).  It  has  been  shown 
(refs.  2,  3)  ai  '  ^?.st  t>\e  five  types  of  strike/fighter  aircraft  investigated  so  far  that  the 

coefficient  of  bd  feting  force  can  be  taken  as  approximately  proportional  to  the  decrement  C3 
shown,  if  we  postulate  that  buffet  response  is  to  be  measured  by  the  peak  accelerations  (B.  g) 
suffered  by  tfn  mass  of  the  aircraft  responding  to  the  unsteady  aerodynamic  force,  we  can 
estimate  th«-  erpected  intensity  of  "buffet"  response  from  the  simple  formula: 

b  =  kcb/(<^  . (1) 
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Flight  Buffet  vs  Predictions 
(Aircraft  A,  incidence) 


where  W  is  the  aircraft  weight,  S  is  wing  area,  q  is  dynamic  pressure  and  K  =  1  has  been  found 
satisfactory  for  the  constant  of  proportionality. 
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Since  given  buffeting  force  requires  larger  buffeting  coefficient  at  higher  altitudes,  it  ibiiows 
that  there  can  be  a  substantial  altitude  effect,  such  that  considerably  higher  normal  force 
coefficients  may  be  attained  at  high  altitudes  before  given  intensity  of  buffeting  response  is 
reached.  Since  the  usual  flying  vices  (such  as  wing  drop,  pitch-up  and  wing  rocking)  set  in  at 
particular  incidences,  whereas  buffeting  limits  rise  with  altitude,  it  may  happen  that  buffeting 
limits  manoeuvrability  at  low  altitude,  but  other  vices  may  supervene  at  high  altitudes. 

Figs.  3,  4  and  5  illustrate  typical  comparisons  of  predicted  buffet  boundaries  with  flight 
test  data.  On  fig.  3  can  be  seen  data  from  analyses  of  the  amplitude  of  normal  vibration  from 
trace  accelerometers,  together  with  pilots'  assessments  of  buffet  severity.  It  can  be  seen  that 
the  agreement  is  as  satisfactory  as  can  be  expected  at  the  present  stage  of  flight  buffet 
measurements.  Perhaps  the  most  notable  feature  of  fig.  3  is  that  the  measured  altitude  effect  is 
greater  than  the  considerable  effect  predicted.  The  measured  vibration  was  greater  than 
predicted  at  low  altitude,  but  less  at  high  altitude.  Perhap3  this  may  be  connected  with  atmospheric 
turbulence,  which  varies  in  the  right  direction.  Whatever  else  may  be  said,  those  flight  data 
certainly  do  not  contradict  the  theoretical  concept  of  a  substantial  altitude  effect. 


The  peak  acceleration  criteria  used  for  various  degrees  of  buffeting  were  as  follows: - 

onset:  negligible,  corresponds  with  point  B  of  fig.  2. 
light  (just  perceptible):  ±  0. 2g 

moderate:  ±0. 6g 

severe  /tolerable  for  only  a  short  time):  ±  l.Og 
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Fig.  5  Flight  Buffet  vs  Predictions 
(Aircraft  C) 


3.  2  Post -Stall  Flying  Characteristics 

We  have  seen  that  aircraft  with  high  wing  loadings  will  not  be  limited  by  buffeting  until 
the  lift  curve  has  bent  substantially  below  the  extrapolated  linear  portion  of  that  curve.  In  other 
words,  they  can  be  flown  to  lift  coefficients  well  above  buffet  onset,  provided  that  the  lift  curve 
continues  to  rise  with  incidence,  and  provided  all  the  usual  post -stall  flying  vices  are  avoided. 
Raising  the  lift  curve  and  eliminating  the  vices  proved  to  be  an  interesting  piece  of  applied 
research,  -  especially  as  it  had  to  be  completed  quickly. 


Now  if  the  lift  curve  continues  to  rise  steeply  above  the  buffet  -  onset  point,  this  implies 
that  the  stall  spreads  only  slowly  over  the  wing  as  incidence  increases  (here  the  word  "stall"  is 
a  short  term  for  "boundary  layer  separation").  Furthermore  it  was  believed  that  the  post -buffet 
flying  vices  are  associated  witn  sudden  "chunks"  of  stall  spread:  if  stall  spreading  could  be  made 
slow,  smooth  and  symmetrical,  there  need  be  no  flying  vices  other  than  a  gradual  increase  of 
buffeting  with  lift, 

It  was  chosen  to  design  for  stall  to  start  near  the  tip  and  spread  inboard.  Thei^e  are 
several  factors  that  make  the  wing  root  more  reluctant  to  stall  -  not  least  the  lower  local  lift 
coefficients  at  the  root  of  the  tapered  wing.  Thie  would  make  it  easier  to  achieve  progressive 
stall,  and  also  permit  more  maximum  lift.  When  lift  is  lost  on  the  outer  part  of  the  swept  wing, 
the  pitching  stability  would  be  reduced,  but  eventually,  an  stall  spreads  towards  the  wing  root, 
the  stability  would  increase  strongly  -  as  in  effect  the  centre  of  lift  of  each  stalled  section  moves 
ait  to  around  half  chord.  This  was  considered  a  better  stability  variation  than  given  by  the 
opposite  progression  of  stall  -  which  would  give  strong  stability  at  the  start  of  buffet  penetration, 
falling  off  rapidly  as  the  manoeuvre  is  tightened.  So  the  inward  spread  of  stall  was  preferred 
from  three  aspects:  higher  maximum  lift,  an  easier  technical  task,  and  preferred  stability 
variation.  These  expectations  have  been  realised  in  flight. 
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As  it  was  known  that  stall  would  start  forward  of  mid-chord  the  front  parts  of  the  aerofoil 
profiles  were  varied  so  that  the  outer  sections  were  more  adverse  than  inner  sections.  At 
manoeuvring  conditions,  these  sections  were  always  working  supercritical!?,  so  the  experimental 
two-dimens/onal  pressure  distributions  as  applied  to  the  tapered  wing  were  used  to  guide  the  design. 
Wings  with  tnis  type  of  section  gradation  had  been  tested  earlier  for  the  P.  1154,  and  it  was  known 
that  such  variations  alone  could  not  provide  the  smoothness  of  stall  progression  required.  An 
array  of  boundary  layer  control  devices  r>'as  intended  from  the  outset.  The  experimental  research 
was  concerned  largely  with  this  array  of  devices. 

3. 3  Experimental  Development 

The  wind  tunnel  tests  were  made  on  a  l/10th  scale  model  of  the  Harrier  GR1  in  the 
Aircraft  Research  Association  9ft  x  8  ft  (2. 75m  x  2. 45m)  transonic  tunnel.  Flight  development 
was  ‘Started  early,  by  modifying  a  Kestrel  wing  to  the  oasic  Harrier  shape,  and  flying  it  on  a 
Xestrel  fuselage.  Thus  seme  of  the  crucial  points  were  tested  in  the  wind  tunnel  and  in  flight  at 
the  same  time.  All  tests  were  performed  with  two  100  gallon  (454  litre)  drop  tanks  in  place. 

Rolling  moments  were  monitored  with  on-line  continuous  pen  recorders.  This  proved  to 
be  a  very  valuable  technique,  fer  it  was  found  that  flight  behaviour  correlated  well  with  the 
rolling-moment  records.  For  example,  if  the  pen  oscillated  continuously  (e.  g.  between  the 
dotted  curves  in  fig.  6)  then  the  aircraft  experienced  wing  rocking,  -  whereas  a  steady  excursion 
of  rolling  moment  corresponded  with  "wing  low"  in  flight. 


Oil  flow  investigations  were  used  extensively  to  examine  the  stall  patterns.  These  were 
observed  continuously  by  closed-circuit  TV  and  photographed  by  remote  control. 

Initial  tests  on  a  bare  wing  showed  that  the  roll  unsteadiness  was  far  better  than  for  the 
Kestrel  wing,  but  below  the  standard  aimed  at  -  as  there  was  a  moderate  wing  drop  at  M  =  0.  88. 
Effects  of  sawtooth  position  were  checked. 

The  vortex  generator  arrays  were  all  of  the  type  first  proposed  in  ref.  4.  They  were 
scaled  in  size  and  spacing  in  proportion  to  the  boundary  layer  thickness,  so  that  effectiveness  is 
maintained  across  the  span.  They  were  mounted  almost  along  free  stream  direction  so  that  at 
low  aircraft  lift  there  was  little  drag,  but  at  high  lift  coefficients  the  local  airflow  turns  inboard 
and  approaches  the  vortex  generators  at  a  substantial  local  incidence.  This  causes  stronger 
vortices  as  the  aircraft  lift  increases.  An  innovation  for  the  Harrier  application  was  the  scheme 
of  increasing  the  local  incidence  of  successive  vortex  generators,  proceeding  inboard.  One  such 
array  succeeded  in  controlling  the  spread  of  shock-induced  separation  at  M  -  0.  88  (fig.  7).  It  can 
be  seen  that  the  separation  spread  over  far  less  of  the  outer  panel  when  the  vortex  generators 
were  present. 

A  small  leading  edge  fence  alone  on  the  outer  panel  raised  the  lift  curve  at  Mach  numbers 
from  0.  4  to  0.  7,  but  without  improving  the  steadiness  in  roll  (fig.  8).  If  the  fence  was  moved  far, 
this  extra  lift  was  lost. 

A  major  step  forward  was  combining  vortex  generators  with  a  fence,  for  the  combined 
effect  was  better  than  the  sum  of  the  individual  effects.  The  lift  increase  at  the  lower  Mach 
numbers  was  kept  and  the  delay  of  roll  unsteadiness,  at  tha  reduced  levels  already  shown  in 
fig.  6. 
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Without  Vortex  Generators  With  Vortex  Generators 


Fig.  7  Effect  of  Vortex  Generators  on  spread  of  B.  L.  separation 

A  small  fence  below  the  wing  tip  eliminated  a  wing-low  effect  at  M  =  0. 6,  and  prevented 
stalling  of  the  curved  tip  at  any  conditions. 

By  this  stage  of  the  wind  tunnel  research,  the  flight  tests  had  checked  most  of  the 
important  results  and  confirmed  them,  apart  from  an  elusive  difference  of  pitching  stability  - 
which  was  probably  due  to  jet  efflux  interference  in  flight.  Flight  tests  with  a  wide  range  of  fence 
sizes  showed  a  sharply-peaked  optimum  size,  so  far  as  maximum  usable  lift  was  concerned,  and 
they  suggested  a  substantial  Reynolds  number  effect. 

Important  advances  were  made  when  two  fences  were  tried.  The  wind  tunnel  showed  a 
sharp  deterioration  of  roll  steadiness,  but  the  flight  tests  showed  a  marked  improvement.'  It  was 
suspected  that  again  there  was  a  scale  effect  such  that  the  inter-fence  spacing  should  be  related 
to  the  wing  boundary  layer  thickness.  Fur  .her  testing  showed  that  this  inter-fence  spacing  had  a 
critical  effect  on  the  post -stall  roll  steadiness.  When  the  fences  were  too  close,  the  wing  rocking 
was  unacceptable  (A,  fig.  9)  but  when  they  were  well  spaced  the  roll  steadiness  was  excellent 
(B,  fig.  9).  The  maximum  lift  also  was  improved  {fig.  8).  It  was  also  found  that  fence  positions 
influenced  the  maximum  usable  lift  appreciably,  for  given  inter-fence  spacing  (fig.  10). 


Fig.  8  Effects  of  Fences 


Fig.  9  Roll  unsteadiness  with  Two  Fences 


By  this  stage,  maximum  usable  lift  was  far  above  buffet  onset,  on  a  lift  curve  that  was 
flattening  off  at  high  incidences.  This  was  due  to  stall  spreading  rapidly  over  the  inner  wing  at 
the  highest  incidences.  The  inner  wing  was  therefore  provided  with  a  new  graded  leading  edge, 
to  raise  the  top  end  of  the  lift  curve  and  improve  roll  steadiness  at  the  highest  incidences.  This 
also  permitted  about  10°  of  flap  deflection  for  high  speed  manoeuvring. 

In  the  final  configuration,  the  Harrier  GR1  can  be  manoeuvred  safely  to  'stick  hard  back" 
or  the  structural  limits  with  no  fear  at  any  conditions  of  losing  control  or  entering  any  gyrations. 
Near  maximum  lift,  directional  stability  reduces,  of  course,  and  a  "wallowing"  motion  can  develop 
if  conditions  are  held.  Buffet  can  be  penetrated  progressively  without  suffering  pitch -up,  wing 
drop  or  wing  low  -  <lt.hough  moderate  wing  rocking  can  occur  near  "moderate  buffet"  conditions, 
which  dies  out  tv?  a  maximum  lift. 
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The  maximum  usable  manoeuvring  acceleration  per  unit  area  of  wing  is  compared  with 
several  other  aircraft  in  fig.  11,  which  shows  data  for  two  U.S.  fighters  and  four  other  British 
strike/fighter 8.  It  can  be  seen  that  the  maximum  usable  lift  coefficient  exceeds  all  the  others 
for  which  data  were  available  at  Mach  numbers  above  0. 7. 
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These  developments  resulted  in  achievement  of  a  high  -  g  wing  that  weighed  only 
6  lb/square  foot  (30  kg/m2).  To  put  this  into  perspective,  the  Harrier  and  the  Hunter  have 
similar  all-up  weights,  but  the  wing  of  the  Harrier  weighs  roughly  1  ton  (1  tonne)  less  than  the 
wing  of  the  Hunter.  This  represents  about  17%  reduction  of  basic  weight,  compared  with  the 
Hujiter  (see  fig.  12). 

In  the  course  of  this  work,  knowledge  was  gained  on  such  topics  as  optimum  arrays  of 
fences  and  vortex  generators,  sawteeth,  buffet  prediction,  and  the  application  of  supercritical 
aerofoils  to  swept  wings  -  including  curved  tips.  Most  important,  perhaps,  was  *he  demonstration 
of  a  design  for  safe  and  steady  post -stall  flying  characteristics  at  all  attainable  conditions. 
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AERODYNAMICS  OF  WING  STALL  OF  THE  FOKKER  F28 


by 

Tj.  Schuringa 
Aerodynamics  Department 
"Fokker-VFW"  NV 
Schiphol-Oost 
The  Netherlands 


SUMMARY 


Some  topics  of  the  aerodynamic  development  of  the  F28  wing  with  regard  to  the  stall 
are  described.  First,  the  investigation  in  the  wind  tunnel  is  reported,  dealing  with  the 
influence  of  boundary  layer  fences,  secondly  the  correlation  with  flight  tests  is  presented. 
It  may  be  concluded  that,  apart  from  minor  modifications,  satisfactory  agreement  was  found 
between  wind  tunnel  and  flight  test  results. 

NOTATION 

c  -  wing  chord 

CG  -  centre  of  gravity,  %  mean  aerodynamic  chord 

C  -  lift  coefficient 

Cf*  -  maximum  CT 

cLmax  _  pitching  {foment  coefficient 

Re  -  Reynolds  number 

V  -  speed 

V  -  stalling  speed 

as  -  angle  of  attack 

INTRODUCTION 

The  F28  Fellowship  aircraft  has  been  developed  by  Fokker  for  use  over  short  to  me¬ 
dium  distances.  It  can  accomodate  up  to  65  passengers  in  the  standard  configuration,  while 
a  stretch'd  version  will  provide  an  additional  15  seats;  the  latter  is  at  present  m  the 
process  of  certification.  In  figure  1  the  features  of  the  standard  F28  are  shown. 

As  a  consequenca  of  the  short  haul  charac¬ 
ter  much  attention  was  paid  during  the 
design  to  attain  optimum  airfield  perfor¬ 
mance  and  low  speed  handling  qualities. 

On  the  other  hand  jet  operations  required 
the  wing  to  be  designed  for  acceptable 
transonic  characteristics. 

A  major  design  goal  was  the  achievement  of 
relatively  high  values  of  C.  .  This 
required  a  compromise  solution  with 
limited  sweep  angle  of  the  wing,  m  combi¬ 
nation  with  a  wing  geometry  suitable  for  the 
speed  regime  of  cruise  and  dive. 

The  maximum  operating  Mach  number  being 
Mj^q  =  0,75,  the  dive  Mach  number  MQ  =  0.83. 

The  preliminary  design  phase  was  characte¬ 
rized  by  wind  tunnel  investigations  to 
establish  the  optimum  wing  p.lanform  as 
determined  by  the  two  main  design  objec¬ 
tives  just  mentioned.  In  this  process  about 
1000  hours  were  spent  in  the  NLR  tunnels 
in  Amsterdam  on  testing  models  of  the  com¬ 
plete  aircraft.  Four  different  basic  wing 
configurations,  designed  for  the  same 
cruise  Mach  ..umber  and  covering  a  range  of  thickness  ratios  and  sweep  angles,  were  tested. 
Each  basic  wing  configuration  then  was  tested  with  detail  modifications  m  geometry.  A  pic¬ 
ture  of  a  model  with  the  final  wing  configuration  is  shown  m  figure  2. 

The  F28  wing  has  a  16°  sweep  angle  at  the  quarter  chord  line;  its  wing  sections  are 
modified  NACA  four  digit  seij.es  sections  with  rather  large  nose  radii  primarily  to  improve 
section  maximum  lift.  The  maximum  lift  capabilities  of  the  wing  are  further  increased  by 
a  Fowler  type  flap  which  is  single  slotted  at  settings  up  to  18  degrees  and  double  slotted 
at  the  larger  settings,  when  the  vane  becosoes ffective  after  the  flap  has  expanded  to 
form  the  second  slot. 

In  view  of  the  significance  of  single  engine  take-off  performance  of  the  two-engined 
civil  aircraft,  the  flap  design  was  optimised  for  low  drag  at  all  single  slotted  take-off 
positiors.  The  increment  .n  maximum  lift  is  approximately  1.0  at  the  landing  flap  setting, 
for  which  42  degrees  deflection  is  used. 

Wing  sections  and  the  flap  shape  evolved  from  extensive  two-dimensional  wind  tunnel 
testing.  »>•<!  rr 
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In  relation  to  stall  behaviour  of 
aircraft  the  correlation  between  final  wind 
tunnel  results  and  flight  results  is  one  of 
the  most  speculative  and  also  intrigueing 
elements  of  the  initial  flight  test  phase. 
Very  limited  degrees  of  freedom  exist  for  the 
aircraft  designer  to  change  the  characteris¬ 
tics  in  this  phase  of  development. 

On  the  F28  wind  -unnel  results  were  available 
at  2.8  x  10°  Reynolds  numbergfor  a  complete 
aircraft  model  and  at  5  x  10°  for  a  half  wing 
model. 

This  paper  reports  on  the  characteristics 
achieved,  and  on  the  correlation  with  full 
scale  test  results. 


Fig.  2  Final  F28  wind  tunnel  model 


INVESTIGATION  OF  THE  STALL  IN  THE  WIND  TUNNEL 

As  already  mentioned  earlier,  attaining  high  values  of  C  was  an  important  design 
objective  for  the  F28.  The  associated  stall  characteristics  shouTl^owever  also  satisfy  the 
civil  airworthiness  requirements,  which  ask  for  easy  recognition  by  the  pilot  of  the  devel¬ 
oping  stalled  wing  condition  and  for  gentle  behaviour  of  the  aircraft  in  the  stall  to  avoid 
large  attitude  changes  and  consequently  great  losses  in  height. 

In  a  flight  simulator  programme, 
which  was  used  to  convert  wind 
tunnel  characteristics  into  pilot 
assessed  full  scale  behaviour,  it  cE 
was  recognized  that  an  unmistakable 
nose  down  pitching  motion  at  or  (aft 

near  the  stall  would  provide  satis-  CG) 
factory  results.  This  was  particu¬ 
larly  the  case  because  of  the  redu¬ 
ced  longitudinal  stability,  which 
had  to  be  expected  for  angles  of 
incidence  beyond  the  stall  for 
T-tailed  aircraft.  1 

Figure  3  shows  the  relation¬ 
ship  between  pitching  moment  and  '-2 

angle  of  attack  as  obtained  in  the 
final  stage  of  wind  cunnel  testing. 

It  can  be  noticed,  that  immediately  -.3 
beyond  the  angle  for  maximum  lift  a 
sharp  increase  in  nose  down  pitching 
moment  appears. 

The  clean  wing  stall  was  characte-  Fig.  3  F28  pitching  moment  characteristics 

rized  by  a  rapid  spanwise  spread  of 

separation.  The  result  on  figure  3  was  obtained  by  controlling  the  location  of  initial  flow 
separation  on  the  wing  by  use  of  a  small  boundary  layer  fence  near  the.  wing  leading  edge. 
Further  details  of  this  effect  will  be  shown  later. 

Figure  3  also  shows  the  characteristic  variation  of  the  pitching  moment  at  exfi-eme 
angles  of  attack  for  an  aircraft  equipped  with  a  T-tail,  which  is  caused  by  the  immersion 
of  the  horizontal  stabilizer  into  the  wing  wake.  When  the  model  size  is  small  enough  rela¬ 
tive  to  the  dimensions  of  the  test  section  of  th*. 
tunnel,  scale  effects  are  negligible  in  conditions 
of  separated  flow  over  the  full  wing  span. 

Pitching  moment  data  at  these  large  angles  of 
attack,  as  obtained  m  the  wind  tunnel,  are  there¬ 
fore  valid  for  the  full  scale  aircraft. 

A  typical  picture  of  the  investigation  at  extreme 
angles  of  incidence  is  shown  in  figure  4. 


Fig.  4  F28  wind  tunnel  model  at  extreme  angle  of 
incidence 
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The  desired  increase  of  the  nose  down  pit¬ 
ching  moment  near  maximum  lift  can  be  obtained 
by  initial  flow  separation  on  the  inner  wing, 
which  causes  a  favourable  change  of  the  downwash 
field  at  the  horizontal  stabilizer.  Apart  from 
this  effect  flow  separation  on  the  inner  wing 
also  results  in  retention  of  full  lateral  control 
up  to  angles  of  attack  at  which  the  flow  on  the 
outer  wing  separates.  There  is  however  one  res¬ 
triction  relative  to  early  flow  separation  for 
the  case  of  the  F28  as  distortion  of  the  engine 
intake  flow  should  be  avoided  up  to  stall  onset. 
This  implies  that  the  wing  sector  immediately  in 
front  of  the  engines  should  preferably  stall  at 
an  incidence  angle  beyond  maximum  lift. 

In  the  wind  tunnel  phase  many  aerodynamic 
gadgets  were  tried  out  to  probe  possibly  satis¬ 
factory  configurations  in  full  scale  testing. 

The  small  boundary  layer  fence  was  the  most  pro¬ 
mising  in  relation  to  high  maximum  lift  in  combi¬ 
nation  with  the  desired  characteristics. 


Fig.  5  Half  wing  wind  tunnel  model 


Figure  5  shows  the  model  used  for  high 
Reynolds  number  stall  flow  visualization. 


A  number  of  boundary  layer  fence  sizes  tried  at  one  wing  section  (station  4700)  is 
shown  in  figure  6.  The  intention  of  this  survey  was  to  obtain  a  minimum  fence  size  for  the 
desired  characteristics.  As  it  was  realized  that  the  effect  of  the  fence,  the  local  provo¬ 
cation  of  flow  separation,  was  most  pronounced  at  the  leading  edge.  The  short  fence  3  in 
front  of  the  suction  area  and  fence  4  located  aft  of  this  area  on  the  wing  nose  failed  to 
produce  any  effect  in  stall  behaviour.  Fence  1  and  2  were  almost  equally  effective. 


The  way  in  which  the  progression  of  flow  separation  is  affected  by  the  introduction 
of  a  boundary  layer  fence  is  depicted  in  figure  7.  It  can  be  observed  that  the  small  fence 
at  the  leading  edge  of  station  4700  changes  the  stall  progression  of  the  F28  wing  comple¬ 
tely.  Local  separation  is  introduced  at  the  inboard  side  of  the  fence  at  10°  angle  of 
attack,  the  maximum  lift  is  attained  at  approximately  13°,  the  aileron  region  stalls  at  19°, 
while  the  wing  without  fence  abruptly  loses  lift  at  15.7°  due  to  full  span  stall. 

A  very  slight  loss  in  lift  accompanies  the  changed  separation  pattern. 


KINK  SECTION  OF  WIND  TUNNEL  MODEL  (STATION  4700) 


Fig.  6  Boundary  layer  fence  sizes  tested  Fig.  7  Effect  of  fence  on  progression 

in  wind  tunnel  of  flow  separation 

Figure  8  presents  the  influence  of  the  spanwise  location  of  one  fence  on  the  pro¬ 
gression  of  flow  separation.  This  progression  is  depicted  by  showing  the  angle  of  attack 
for  onset  of  flow  separation,  for  maximum  lift  and  for  separation  in  the  aileron  region. 
The  identical  characteristics  at  root  and  tip  represent  in  fact  the  absence  of  the  fence. 
The  figure  shows  the  result  of  tests  on  the  wing  with  fully  deflected  flaps,  being  the 
most  critical  with  respect  to  stalling  behaviour.  It  can  be  concluded  from  the  figure, 
that  a  small  leading  edge  boundary  layer  fence  in  almost  any  position  largely  affects  the 
progression  of  flow  separation.  The  separation  in  the  aileron  region  is  thereby  postponed 
to  much  larger  angles  of  attack  than  without  fence.  This  improvement  is  accompanied  by  a 
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slight  loss  in  naxicun  lift  as  can  be  recognized 
from  the  smaller  angle  of  attack  for  taxima 
lift.  Pitching  characteristics  in  the  stall  were 
only  satisfactory  for  the  inboard  positions  of 
the  fence.  The  initial  flight  testing  was  there¬ 
fore  started  with  a  fence  at  wing  station  4700, 
the  section  at  the  kink  in  the  leading  edge  of 
the  wing. 

Finally,  it  should  be  stated,  that  tes¬ 
ting  at  extreme  angles  of  attack  in  the  wind 
tunnel  revealed  that  a  nose  down  pitching  zaoeent 
was  obtained  throughout  the  angle  of  attack 
range  with  the  elevator  deflected  downward;  this 
applies  for  all  flap  settings. 


Fig.  8  Effect  of  spanwise  fence  location  on 
progression  of  flow  separation 

i 

FULL  SCALE  STALL  INVESTIGATION 


The  stall  tests  with  the  fence  at  the  4700  wing  station  basically  confirmed  the 
characteristics  observed  in  the  wind  tunnel.  However,  the  initial  buffeting  which  prece¬ 
ded  the  actual  stall  of  the  wing  was  quite  strong,  and' affected  adversely  the  obtainable 
maximum  lift.  Because  of  this  observation  it  was  decided  to  include  in  the  flight  test 
programme  at  least  a  number  of  alternative  fence  positions  previously  investigated  in  the 
wind  tunnel. 


The  qualities  of  the  various  arrangements 
were  in  the  first  instance  judged  by  the  testpilots; 
furthermore  test  recordings  were*  available  together 
with  photographs  of  the  tufted  wing.  The  latter  were 
obtained  by  a  camera  equipped  with  a  180°  wide  angle 
lens  mounted  in  the  esqape  hatch  above  the  wing; 
a  typical  picture  is  shown  in- figure  9. 

From  these  pictures  the  progression  of  flow  separa¬ 
tion  has  been  constructed,  an  example  of  which  is 
given  in  figure  10,  which  also  shows  the  shape  of 
the  fence. 


Fig.  9  Flow  visualization  on  wing  of 
prototype  aircraft 


(deg) 


Fig.  10  Progression  of  flow  separation 
on  prototype  aircraft 


Fig.  11  Effect  of  spanwise  fence  loca¬ 
tion  on  angle  of  attack  for  maximum  lift 
0-|  (g-break) 
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Tbe  lift  capabilities  are  sbnwrs  is  ffigare  11,  ggesectlop  tie  variation  cf  angle  of 
attack  at  .marinate  lift  with  fence  position,  tie  circles  represent  tie  maxfatar  lift 
angle  of  attack  of  tbe  wiaf  tcssel  model  as  already  given  Is  figsre  8- 
It  sbcald  be  noted  that  tbe  wit ad  tesael  data  stem  from  flow  visualization  tests  os  tbe 
half  wis g  sscdel;  this  Implies  tbat  identical  flow  conditions  on  model  and  aircraft  mag 
occur  at  different  indicated  angles  of  attack,  tbe  effect  of  fence  location  is  bnwevir 
quite  comparable. 

Tfee  flight  tests  showed  tbat  tie  optima*  location  of  tbe  fence  is  not  wing  station  47SO 
bet  3  ft  more  inboard  at  station  3194,  both  from  a  point  of  dew  of  obtainable  ma-ir-Earm 
lift  and  overall  stall  characteristics . 


after  tbe  optimization  off  tbe  fence  location  css 
tie  basis  of  comparit ire  tests,  tie  aaziactm  lift 
calces  were  determined.  Tfee  results  are  presented 
in  ffigere  12,  compared  to  those  of  tie  wind  temaei 
model.  Tfee  maxim-ms  lift  is  shown  verses  flap 
deflection  for  a  forward  centre  of  gravity  position. 
Tfee  g-break  lift  values  are  those  corrected  to  a 
speed  bleed  off  rate  of  zero;  tbe  oncer  line  repre¬ 
sents  tbe  irraximcirs  lift  calculated  on  tbe  basis  of 
tie  minimem  speeds  determined  daring  certification 
trials,  i.e.  at  a  speed  bleed  off  rate  of  1  kt /sec. 


Fig.  12  Maximum  lift  capabilities  Fig.  13  Influence  of  ground  proximity  on  wing  stall 
of  F28  wing 


In  addition  to  free  flight  stall  conditions  the  effect  of  the  vicinity  of  the  ground 
on  flow  separation,  especially  in  relation  to  the  determination  of  the  minimum  unstick 
speed,  V ,  is  important  for  civil  aircraft.  t 

In  figure  13  free  flight  stall  and  the  stall  with  wheels  in  contact  with  the  ground  are  com¬ 
pared  for  a  typical  take-off  flap  setting.  The  stali  progression  in  the  ground  proximity 
case  is  considerably  different  from  free  flight.  On  the  F28  only  the  inboard  wing  can  be  ; 

stalled  in  ground  effect.  The  maximum  lift  is  unaffected  and  is  reached  at  some  4  degrees 
smaller  incidence  angle.  The  F28  as  a  consequence  is  rather  lift  limited  than  drag  limited 
in  a  condition. 

CONCLUSION 

Perfect  correlation  of  wind  tunnel  and  flight  results  could  not  be  expected,  how¬ 
ever,  by  proper  interpretation  of  results  obtained  in  both  areas  satisfactory  results  could 
be  achieved  with  limited  amount  of  flight  development  testing.  It  may  therefore  be  conclu¬ 
ded,  that  the  stall  development  on  the  F28  prototype  aircraft,  aimed  at  achievement  of  both 
high  maximum  lift  values  and  satisfactory  stall  characteristics,  was  advanced  to  a  high 
degree  by  extensive  use  of  the  wind  tunnel. 
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PBSOTCOT0G  TEE  LOW  SPEED  STALE  CE&B&CTEHiSIBCS  OF  TEE  BOEMBG  747 

6y 

iota)  £.  Wkmjrtss 
The  Boeaqg  OsaapEigr 


SEMMAET 

H  is  LznjcsrtEdt  to  esZfaxte  zccwxzteH?  £te  stSzB  speed  afi  &  modem  5^h^gae«d  Szsz^sstt  scare 
tjjte-ofi  aaa5  ^yfrerw-a-r<»  wStah  kas  a  Itnj®  cm  21252*3*^  stsamsszsz  sbjxxss,  Ss  based 

cc  tfets  gaiagsrter. 

The  pse-JBgit  f^nra***  for  Che  Bocmg  747  wee  based  cm  wiarf  tempi  date  efcftaiaed  att  a  HsTsoirfs 
>5»wriSyir  <ag  asproenrsatehr 1 r^re-rar.  These  test  results  wee  xfjirsSed  Er»  MS  sole  SEgfei  vatoes  msfm?: 
corTtEatioe  fxcfoars  developed  froea  other  Soecrg  tramps act  xiipkEDES.  As  am  rsd^aesdemt  check,  frcgfe  Efi 
<fan  were  <ne+*i»*«i  fcs  a  pressurized  wimd  facaad  059  to  a  Bejmolds  Siscfoer  off  7.  5  ecjEfam  azd  estoapoSaSed 
to  ***■  fall  scale  raise  of  43  r-aUvn. 

Flight  results  sbcnr  that  the  crmrelatfors  factors  -sere  ooderateir  smocesstel  is  gaetScfeg  stall 
speeds.  Also ,  atnpahlag  the  pressure  tesroel  data  to  firll  scale  BeymoSds  Na  racers  predicted  the  Gignf 
raise  of  wwiiwim  Hfi  coefEciest  with  reasonable  accara cy. 

The  wizd  toed  data  at  all  Reynolds  Nombers  predicted  ~aiisjacfcory  fcaarifeg  efcarzcterisSics 
tjwngrorint  fiv>  cfrall  fot  m»»np  mrfjjmcd  tfertgy  flight  »e<*iny. 


L  DCTRCHWCTIOX 

Modem  jet  fesegert  arpfasss  arrsalhr  thr  at  speeds  sell  separated  ires  their  Sar  speed  stalls. 
There  is  no  seed  for  them  to  perform  extreme  manesrers  at  knr  or  node-rale  speeds  or  at  high  zltitz&s 
that  might  force  them  near  their  caxicaaia  lift  coefDded.  Only  dorirg  take-off  axd  feaE-g,  where  the 
lowest  posable  speed  is  desired,  does  the  stall  become  a  matter  of  concern  ia  the  design,  in  these  two 
critical  phases  of  flight,  the  operational  speeds  most  be  sach  that  zcespzle  margin  exists  for  atmospheric 
turbulence  anH  pi  Wing  tolerance  and  that  sdfidest  lift  is  available  for  necessary  maneuvering.  The  mag¬ 
nitudes  of  these  margins  hare  been  established  through  many  years  of  experience  and  are  defined,  with 
bat  minor  variations,  by  the  various  certificating  agencies  throughout  the  aorta,  both  military  and  civil. 
Usually,  the  operational  speeds  for  take-off  and  landing  are  defined  ia  terms  of  the  stall  speed  of  the  air¬ 
plane  in  the  same  configuration. 

These  operational  speeds  in  turn  define  the  useable  take-off  and  landing  field  lengths  of  the  airplane. 
The  useable  field  lengths  have  a  large  impact  on  the  economic  usefulness  of  the  transport,  so  much  effort 
is  exerted  in  making  the  operational  speeds  as  love  as  possible.  Thus,  there  is  a  desire  to  make  the  stall 
speed  low  and  also  to  predict  it  accurately  early  in  tne  design  stages  when  the  initial  sales  guarantees  are 
being  made.  The  initial  predictions  will  be  made  several  years  before  the  aii plane  flies,  and  even  the 
detail  predictions  for  the  final  production  configuration  will  be  made  some  two  years  before  the  airplane 
is  certified. 

The  importance  of  making  the  stall  speed  prediction  accurately  is  demonstrated  by  considering  the 
case  where  the  airplane  is  designed  to  land  with  a  full  payload  in  exactly  the  field  length  available  at  its 
destination.  In  this  case,  an  error  of  only  5  percent  in  predicting  the  stall  speed  will  result  in  a  38  per¬ 
cent  loss  in  payload  capability  and  an  even  more  dramatic  55  percent  loss  in  the  potential  profit  available 
to  the  operator  on  this  particular  mission. 

The  initial  estimate  of  the  stall  speed  of  the  747  was  made  early  in  1966  during  negotiations  with 
Pan  American  World  Airways,  the  original  buyer.  These  predictions  were  steadily  refined  during  the  design 
development  of  the  airplane.  Development  of  the  low  speed  configuration  involved  some  4000  hours  of  wind 
tunnel  testing  over  a  period  of  3-1/2  years.  Many  different  detailed  configurations  were  considered,  but 
this  paper  will  discuss  only  the  final  configuration  selected  for  production  and  the  methods  used  to  predict 
its  performance  on  the  airplane. 

The  methods  used  to  predict  the  full  scale  flight  performance,  starting  from  the  wind  tunnel  data 
of  the  final  configuration,  were  not  particularly  elegant  from  the  standpoint  of  theoretical  aerodynamics. 
They  involved  no  detailed  analysis  of  the  boundary  layer  or  effect  of  Reynolds  Number  on  the  various  high- 
lift  components.  The  approach  used  was  one  of  practical  engineering,  limited  in  scope  by  the  usual 
restrictions  of  time,  people,  and  money.  At  the  time  the  747  was  being  developed,  Boeing  had  already 
built  and  tested  a  series  of  jet  transport  having  sweptback  wings,  different  engine  installations,  and  largely 
varying  gross  weights.  This  experience  provided  a  great  bank  of  flight  data  that  could  be  correlated  with 
the  corresponding  wind  tunnel  data  as  a  function  of  configuration,  center  of  gravity  position,  and  wing 
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floaflhg.  7to»  aacw3>!iaaw  strrecS  z«  ate  ptrtaaoy  tefearossn  ate  »♦**"*  ■**<»  >~n-*  ate  p&tA atari 

MS  sea, to-  pwtac-aaaot  aff  ate  7417. 

Sjpswrer,  ate  T-C7  teri  z  toarflmg  Gags  ttftan  wa*  ma?<k££iy  (fEBreaafl  froma  atosa-  am  otter  Saving 
zGrpEEnts,  zxri  aterafiare,  £3  to  £j£B  mentsKKy  t»  modhate  ate  «S«te  o£  gaync&fis  Xrstener  aa  atese  toaflrrg- 
Gaga.  £g£  Bcynntas  Mrortey  5was  wwnt  matte  ntaa  «2«nteg  tte  wtxri  tttnn»3  date  froan  z  aUjassHis 
Sfrrmter  of  zyprmSrnate^?  1  mjBSnn  ijtoT.5  mFSst,  &t**d  otx  ate  wsag  imwn  zarotfjraaarEr  cacrri. 

Tte  £2gS£  ewe  result*  s&amm  bz  Bites  gager  zre  feast  ofcCzrstc  cfcrSag  ate  Feriezi  AxtzaSon;  Agtmcy 
CFAA)  certEfiaafiSaE  of  ate  7<T.  A  aoCzl  <rf  £36  EigCrannwCtte  «zE*  were  eandtoctedi  Go  5**  sczE  sg*nti  date 
za  zE  Gag  scafirsgs  zad  gross  waegMs  zari  as  camgtottiriy  -rzitate  ate  terrfTfirg  e&asacaetSffie*  dterog  ate 
stall  A  reaaate  seasar  of  static  gresstxre-  teailSag  teftfari  ate  zSrgSzae  was  raed  fax  zffl  z£r 

speed  miteSBPgegnfggs.  Aecetegagaeaers  zad  rate  zari  ge^afam  gyros  were  used  So  esteSSsS!  ate  zfirp&CTf- 
gateaus,  zad  z  ezESraCsd  iofia^f-srrxnttii  Tzae  was  used  for  geetsoarfag  aagSe  c£  zassciE. 

Ttes  gager,  »  tesgtag  wife  ate  su&jeca  ®£  fetes  sataSiag,  eaigftasizass  ate  ge-efeate an  of  only  ate  stall 
speed  poBtami  of  ate  tos:  speed  S5gS£  rogsasa-.  ES  dies  see  consider  tte  eqaaijr  taagraetzaf  zad  core  HtHWffwBt 
eaSr  of  prerifeiCTg  8te  taw  speed  crag. 

2.  DSSCaiS’TEOS  OF  TEE  T-ST  ESGS  LIFT  SYSTEM 

A  cSagraga  of  tte  7-87  agfr.  Efi  sys*  its  is  stows  is  FSgxre  L  Tte  wfcag  feas  as  zspect  rafeo  of  7  z;rd 
is  sweet  bads  37-1/2  degrees  zS  tte  otziter  etord.  Batfe  Beatfesg-ea^e  zad  fcgalfiag-edige  6£gfc  ES  devices 
zre  tesed.  Tte  BeadEag-edge  dwices  carer  tte  eefere  spas  of  tte  wiag  except  far  z  siraSi  regtaB  ceai  to 
tte  tody.  Inbasard  of  tte  iafeazrd  czcelle  is  z  Gzt  Sro^ger  fist?  wife  z  rocaiitod  raise  state  Ear  to  feat  a sed 
on  tte  707.  Between  tte  czceltes,  zad  ocfeaarri  of  tte  outboard  naceBr,  tte  Kroner  flap  is  snare  sogfeas- 
ticzSed.  As  tte  faro  is  extended,  x  sreefiarteczl  ferizge  beads  tte  safe  to  tea  z  cnctiaaocs  ccrre  ferocgtecS 
its  tesgtfe.  Also,  tte  Sap  aamres  far  eaomgfc  forward  to  cr^te  a  sbt  betwees  it  and  tte  wing  fca.iir'ig  edge. 
Teds  irstaiSztioffl  was  tte  first  tisae  sacs  a  carxed,  started,  Srtseger  fat?  bad  been  rased  cg  a  Boeiag 
zirplaoe. 


The  trailiig-edge  flaps  extend  from  the  body  to  approximately  70  percent  of  the  span.  The  flap  is 
divided  into  two  major  components  separated  to  allow  clearances  for  the  jei  eflux  oi  the  inboard  engine. 
This  space  on  the  trailing  edge  is  used  for  the  inboard  high-speed  aileron.  The  trailing-edge  system  is 
triple-slotted,  similar  to  that  used  on  the  727  and  737,  but  tailored  to  the  long-range  mission  of  the  747. 
For  take-off,  the  flap  setting,  as  measured  by  the  angle  of  the  mid-segment,  varies  between  10  and  20 
degrees,  depending  on  take-off  weight.  The  motion  includes  a  great  deal  of  Fowler  action  before  much 
angular  deflection  occurs.  For  landing,  the  flap  is  extended  to  its  full  33  degree  deflection.*  The  various 
settings  were  selected  after  consideration  of  both  the  lift  and  drag,  and  the  corresponding  effects  on  field 
length  performance,  post-take-off  climb,  and  go-around  after  a  refused  landing. 


Called  "position  30”  in  the  flight  handbook 


3.  TEE  astSBC  TOB©  TOKEL  BATS. 


TSh-  'iaas<r  taB-spur*^  wadi  Cmmri  <Eattt  wts»  ©&ceem(S  ee  Eh*  EfairrawarfT  of  yaaftiagtow  AagmanCfatl 
Laansapary  wfcuS  Stniuri,  wLoriE  hats  am  t  fccC  5y  IS  taa&  (rftossii  eaaS  secfifiow  -rentei  to  ton-  a&raosg&£Z%.  Tbe 
srodirf,  stonra  fee  ySpa*  2,  was  aw  .©«  «c.«a±-  mpSata  <s£  Ehtr  T-ST  hailng  a  wfiing  spam  of  apprnaiiaa&isy'  $  fiecfl 
This  a zo&tZ  fegf&ra&trf:  gagagcEy  JtFE  ESm-  Sit?  sauncsto  aari  Stirrwjjs  as  »«3!  as  all  a»  c^acour*,  sa?»,  amf 
slots  as 24»  aw  E&t  actaml  gwciflonaow  afgpthatr.  Part&rxSar  ait  was  Q&aw,  cart*  our  eagaeriemiDe  tes 

s&otht  shaa  eskej-  of  E&k  (ffiswEttpawdies  buxwftss  afcnS  Eaansri  3ta&  ESfac,  aftaw  Maaxa#  aw  scale  « Seats,  art 
ce  Sacfi  eatcfatf  fey  aw  Eaxufeqjsa&t-  repwtaentaafcw  of  fite  fetalis  of  Sbt  £Ej Sfi  (Mwfijgnrashflw  by  t&e  •ami  tunnel 
ffliWtt-L  Tist  -t xrz  5w  represaafiEiip  Ehit  alrsfeost-  ESyfen?  wear  Eo>  ESk  gromnS  tos*  cfctafenfcf  natfeag  *  fiaaf 
srousnf  ytoat. 


FIG>.3t£  2:  7«7  HJOH  LIFT  WlJflD  TUBKt  MODEL 


As  etaraple  of  fee  feta  coeaissee  froas  tils  roodel  is  sburas  us  Figure  3.  ISoraal  wail  asd  blockage 
corrections  faa^e  bees  applies.  Deir  Is  stows,  lor  a  iasadsrg  flap  coafigaratjoa  of  33  (degrees  and  a  typical 
take-off  position  of  20  degrees. 


FIGUPE  3  HIGH  LIFT  WIND  TUNNEL  DATA  (LOW  REYNOLDS  NUMBER! 
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ogcntagcndEay  Cj__  &fiatesic*££j:  Sas  bent  tssed  xs  Cy  ts  tint  strxdSxrxi  aaaSysS s  of  t&t  airjREtat.  Also 

'  2=EC 

to  be  tssSnafissf,  ft*  tbe  taw  C,,  acMered  rirrtag  gftie  Mtam  ntiww^  wHew  Cj_  is  <A***~**s  as  cST . 

"ararr  <g? 

To*  garagtiEm  Ssflt  earfSr:  «fl  sasualSj:  scffinrs  at  a  speed  brtar  tie1 1  g  spend  is  ibt  fjBgSC  C. 
eaist  nearly  gogreasMariBag  So  Sfet  mm>  tsexsxsed  lx  x  vise?  *rrt~>r>v>-a  (ass.  iraa: 

4.  COSgELATCOgC  CBFVES  ASP  FLIGHT  TEST  BSSULTS 

4.1  FAS  Cr  aatSC, 

agli  egg 

Figure  5  sxesszxrizes  tint  fag&C  aai  wtrd  tenrel  «fe£a  £ro=s  a  series  of  Bsasisg  xirpSxxes 

by  s&owtag  t&e  ratio  of  t&e  FAS  C,  to  abe-  wind  trarei  Cj_  -  Tbe  data  shows  xpgreaxMe  scatter 

»Stll  I— JT 

betwees  xirf&xz* es,  and  the  soMd  Mae  was  ebotsec  as  the  n kse  of  the  sarasarter  to  be  csed  Id  essirratiag 
the  747  pgrfggragffle.  The  747  IKgftt  test  reggfts  generally  Me  sooewfsUt  beter  this  estimated  uafce. 

Toe  data  po&rts  ^rwro  to  the  epper  part  of  the  chart  are  lor  the  airrhares  at  tie  asaaroata  weights  tested. 
The  Bower  pftae  preserts  the  tread  of  the  stall  speeds  as  a  feoctiao  of  airphtoe  wiag  ioaagag,  aod  shows 
that  locreaSEOg:  gross  weight  decreases  slight  It  the  stall  lifi  eo^SeiedL  This  wing  Isw&ag  effect  has  been 
eacsfstedt  tfcroogfaszt  the  history  of  Boeing  airplanes  and  seems  far  too  large  to  be  accoorted  for  by 
aeraeiastic  <£stort£oes  of  the  wing  affecting  the  stall  speed.  Et  apnarestiy  is  dependent  oc  the  tfymsrics 
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FIGURE  S:  COMPARISON  OF  FLIGHT  FJLR  CLSTALL  A*°  »«»*>  TUNNEL 

of  the  stall  maneuver  and  its  variation  with  gross  wC:gnt.  .since  these  dynamics  are  a  very  complicated 
function  of  the  drag  and  pitching  moments  of  the  airplane  as  well  as  the  lift,  the  actual  value  of  this  trend 
with  weight  is  very  difficult  to  predict  accurately.  The  values  of  wind  tunnel  Ct  used  to  develop  these 

max 

plots  differs  slightly  from  those  shown  in  Figure  3.  The  reason  is  that  there  were  no  blockage  corrections 
used  in  reducing  the  717  wind  tunnel  data  shown  here.  This  was  done  in  order  *o  compare  with  the  previous 
tests  of  the  Boeing  family,  made  before  blockage  corrections  were  a  normal  part  of  the  wind  tunnel  data 
reduction  procedure. 


A  similar  summarv  of  the  !  e  C,  is  showT  in  Figure  6.  Again,  there  is  appreciable  scatter 

Stall 

in  the  data,  and  the  solid  line  represents  the  value  used  in  making  the  747  pre-flight  estimate.  The  747 
flight  test  results  cave  1  g  C.  as  much  as  8  percent  below  the  original  estimate.  This  fact  is  par- 

Stall’s 

ticularly  surprieng  since  a  test  installation  of  the  747-type  leading-edge  flap  on  a  707  gave  a  correlation 
factor  well  aoove  the  other  a. .-planes.  The  1  g  showed  the  same  trend  with  wing  loading  as  was 

indicated  for  the  FAR  C,  .  Stall 
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At  tbe  timp  these  esti  nates  were  being  trade,  it  was  recognized  that  the  747  iad  £  leading-edge 
device  that  reader  cast  wiErf-txanel-to- flight-  tert  correizliccs  fcaccai-ate.  Past  Boeing:  airplanes 

sad  a  leading-edge  device,  either  Krueger  flap  or  slat,  that  -was  relatively  slurp,  creating  nigh  pressure 
peaks  arid  rapid  pressure  recoveries  •aiders  would  make  ''he  Host  sensitive  to  Reynolds  S'  -uaoer  effects. 

T fee  747,  on  tie  other  hand,  aad  a  lea ding  edge  device  that  was  carefully  design  'd  asrar  leroteasc 
theory  to  produce  2  smooth  pressure  thstrihutica  having  tso  severe  gradiesAs  at  lagh  angles  of  attack. 

With  the  gradient  selected  to  give  no  separations  at  tor  Reynolds  Number,  no  appreciable  increase  in 
lilt  should  fee  expected  as  Reynolds  Number  is  increased. 

in  order  to  evaluate  these  considerations,  a  wind  tannei  test  was  made  in  the  12  foo*  pressure 
tunnel  at  the  Ames  Aeronautical  Laboratory  of  the  NASA  where  the  Reynolds  Number  coaid  be  varied 
from  approximately  L  2  million  up  to  7. 5  million.  These  C2ta,  shown  in  Figure  7,  are  in  good  agreement 
at  low  Reynolds  Number  with  the  data  obtained  in  the  University  of  Washington  wind  tunnel  when  corrected 
to  the  forward  center  of  gravity  position  used  in  this  figure-  The  increase  in  Cr  trith  Reynolds 

max 

Number  was  relatively  modest,  and  the  data  showed  enough  linearity  to  allow  extrapolation  to  the  fall 
scale  Reynolds  Sunnier  of  30  to  40  million.  The  flight  test  data  shown  are  the  maximum  C.  *s  achieved 
in  the  stall  (C^  =  nW)  and  ndicate  an  agreement  within  2  percent  or  less  of  the  extrapolated  wind 

max  qS 

tunnel  values. 
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REYNOLDS  NUMBER  (BASED  ON  WING  MAC) 


FIGURE  7:  HIGH  REYNOLDS  NUMBER  DATA 


4.2  Cj^'s  fo.r  Minimum  Un-.c*:ck  Speed 

FAA  certified  lift-off  speeds  are  related  to  the  minimum  speed  that  the  airplane  can  demonstrate 
a  complete  take-off,  called  V^,.  The  lift  coefficient  for  this  condition  can  be  limited  by  cither  C[_ 

max 

er  by  the  ancle  of  attack  existinc  uhen  the  aft  body  contacts  the  cround.  Therefore,  it  is  ,  ecessary  to 
c-sumaie  both  the  lift  curve  shape  and  the  m  erojnd  effect.  The  basic  data  for  makinc  this  esti- 
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mate  vee  l*  Ue  it&J  fnrmri  asiag  a  fixed  grand  plane  csosfified  to  altar  onawally  Ugh  pitch 

atmade  8,  ass  stove  Is  FJgan  3.  The  lift  cam  so  estaMistod  vas  ctochrd  at  M{h  Reynolds  Sbnfcer  and 


FIGURES:  TEST  FOR  W  GROUMD  EFFECT 

found  to  foe  essential#  unchanged.  Since  angle  of  attack  is  such  an  important  parameter  under  these 
coMfitfons,  the  model  used  for  tins  test  bad  the  wing  twisted  to  represent  the  aeroeiastic  distortion  of 
foe  actual  airplane  daring  heavy  weight,  flaps  (tarn,  flight.  These  wind  forme!  data  were  then  co.  reeled 
by  correlation  factors  obtained  on  previous  Boeing  aircraft  similar  to  those  shown  for  the  free-air  conch- 
tiocs.  Hesaiiant  pre-flight  estimates  and  subsequent  flight  data  are  shown  in  Figure  9.  The  data  shows 
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FIGURE  9:  LIFT  CURVE  IN  GROUND  EFFECT 


a  scatter  of  -5  percent,  typical  of  flight  test  information  taken  during  the  take-off  phase.  However,  it 
does  straddle  very  well  the  pre- flight  estimate.  A  picture  of  this  rather  dramatic  flight  testing  for 
CL  in  ground  effect  is  shown  in  Figure  10. 
max 
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4.3  Pitching  Moments 

The  static  longitudinal  pitching  moments  play  a  dominant  role  in  determining  the  handling  charac¬ 
teristics  of  tbs  airplane  daring  the  stall  maneuver.  Local  separations  on  a  swept  wing  can  have  large 
effects  on  wing  pitching  moments.  Separations  on  the  wing,  body,  and  nacelles  can  influence  the  tail 
coclxibiitloo  to  stability.  Since  these  separations  can  be  sensitive  to  Reynolds  Number  effects,  it  is 
difficult  to  predict  the  airplane's  foil- scale  behavior  if  ttn  wind  tunnel  data  indicate  a  situation  that  is 
marginal  in  any  way.  At  Boeing  our  philosophy  has  been  for  many  years  to  design  for  good  pitching 
moment  characteristics  under  Inv  Reynolds  Hunter  conditions  to  assure  good  characteristics  in  flight. 

A  small  pitch-up  in  the  stall  is  p  n  raissible  and  tends  to  bold  the  airplane  to  a  slightly  lower  speed  before 
it  pitches  down  out  of  the  sutlL  permissible  pitch-up  must  cause  only  a  limited  excursion  in  angle 
of  attack,  say  4  to  6  degrees,  iavoh?  essentially  no  increase  in  Cl  once  the  pitch-up  begins,  and  mast 
be  followed  by  strong  pitch- do  =n  to  asenrc  a  good  clean  break  away  from  the  stalL 

The  wind  tunnel  pitching  moment  data  at  both  low  and  high  Reynolds  Nunber  and  the  corresponding 
flight  data  are  compared  in  Figure  11.  There  is  practically  no  change  in  wind  tunnel  pitching  moment 
data  with  Reynolds  Number,  probably  a  result  of  the  cambered  leading-edge  flap.  The  flight  data  show 
slightly  superior  stability  at  stall  entry  than  tt?  wind  tunnel  data  indicate.  They  also  show  that  the  wind 
tunnel  predicted  quite  accurately  the  fh  %y±  values  for  the  angle  of  incipient  pitch-up  and  the  angle  of 
recovery.  These  pitching  moment  cba  -  .  eteri sties  produced  an  airplane  extremely  easy  to  fly  throughout 
the  stall  maneuver. 


FIGURE  11:  PITCHING  MOMENTS  IN  THE  STALL 
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5.  CLOSING  REMARKS 

Tbe  methods  used  to  predict  the  stall  characteristics  of  the  747,  based  on  previous  experience  of 
Boeing  transport  airplanes,  predicted  the  FAR  C.  within  about  5  percent,  well  within  the  confidence 

"Stall’s 

band  expected  during  the  design  phase.  In  this  particular  instance,  a  better  estimate  would  nave  been 
achieved  by  extrapolating  the  C.  data  taken  at  varying  Reynolds  Number  to  full  scale  Reynolds 

TTu*Tv 

Humber  to  get  a  full  scale  CT  .  This  C.  ,  when  used  with  corresponding  values  for  drag  and 

^max  ^max 

pitching  moments  in  a  dynamic  simulation  of  the  stall  maneuver  on  a  computer,  would  have  produced  a 
better  estimate  of  the  flight  C  .  However,  applying  the  same  techniques  to  other  Boeing  airplanes 

LStall 

would  not  produce  as  accurate  an  estimate.  One  must  conclude  that  predicting  the  CT  remains  a 

.Stall 

difficult  engineering  problem  in  which  judgment  based  on  experience  must  continue  to  play  a  large  part. 
Eventually,  better  understanding  of  the  detailed  aerodynamics  of  stalled  flow,  particularly  as  it  Is 
affected  by  Reynolds  Number  and  the  other  full-scale  items  such  as  surface  roughness  and  mechanical 
protuberances,  may  lead  to  a  more  scientific  approach  to  the  problem. 
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ON  AIRFLOW  SEPARATION  AND  BUFFET  ONSET  DURING  FIGHTER  AIRCRAFT  MANEUVERING 

by 
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Air  Force  Flight  Dynamics  Laboratory  (AFSC) 

Aeromechanics  Branch  (FXM) 

United  States  Air  Force 
Wright-Patterson  Air  Force  Base,  Ohio,  USA 


SUMMARY 


The  occurrence  of  airflow  separation  on  fighter  aircraft  wings  during  transonic  combat  maneuver¬ 
ing,  buffet,  wing-rock  and  adverse  yaw,  etc.,  severely  degrade  the  combat  potential  of  the  aircraft.  The 
need  therefore  exists  to  perform  an  in-depth,  quantitative  investigation  of  the  airflow  separation/buffet 
onset  relationship,  and  determine  means  to  delay  this  flow  separation  to  higher  values  of  lift  coefficients. 
An  experimental  flight  test  program  was  sponsored  by  the  Air  Force  Flight  Dynamics  Laboratory  to  determine 
the  buffet  characteristics  of  four  high  performance  aircraft.  The  aircraft  were  flown  in  transonic  man¬ 
euvers  encountering  conditions  from  buffet  onset  througn  heavy  buffet.  The  aircraft  were  heavily  instru¬ 
mented,  i.e.  accelerometer;  (wing  tips,  c.  g.,  pilot  seat),  wing  root  strain  gages,  wing  static  pressure 
taps,  and  also  had  one  wing  tufted  for  flow  visualization  photographs.  The  aircraft  were  flown  in  the 
baseline  configuration  as  well  as  with  various  deflections  of  leading  and  trailing  edge  flaps.  Some 
wind  tunnel  data  were  also  correlated  with  the  flight  test  results.  The  purpose  of  this  paper  is  to 
discuss  the  results  of  the  flight  test  program,  examine  the  effects  of  mechanical  high  lift  devices  on 
buffet,  and  present  some  wind  tunnel/^l ight  test,  correlations. 

NOTATION 


S'cnbols 


a 

b 


c 


c.g. 

CD 


Angle  of  Attack 
Wing  Span 
Wing  Chord 
Center  of  Gravity 
Drag  Coefficient 


CL  Lift  Coefficient 

CN  Normal  Force  Coefficient 


K 

A 

L.E. 

m 

M 

T.E. 


Scaling  Parameter 
Wing  Sweep  Angle 
Leading  Edge 
Meters 
Mach  Number 
Trailing  Edge 


Subscripts 


B.O.  Buffet  Onset 
,25c  Quarter  Chord 
w  Wi  ng 


1 .  INTRODUCTION 

Throughout  much  of  the  history  of  heavier  tnan  air  flight,  the  problems  associated  with  air¬ 
flow  separation  from  wings  were  mainly  analyzed  from  the  standpoint  of  airplane  stall  and  spin.  Since 
many  of  these  early  aircraft  were  grossly  underpowered,  and  possessed  undesirable  stability  and  control 
characteristics,  the  avoidance  of  the  stall  point  became  an  essential  reojirement  during  flight.  Classi¬ 
cally,  the  stall  point  was  defined  as  that  point  on  the  lift  curve  where  uhe  lift  coefficient  ceases  to 
increase  proportionally  with  angle  of  attack,  and  often  turns  sharply  downward. 

With  the  advent  of  modern  propeller  fighter  aircraft  during  World  War  II,  flight  speeds  had 
increased  to  the  point  whe-e  the  critical  Mach  nunber  was  reached  over  the  wings.  Compressibility  and 
buffet  effects  were  encountered  during  high  speed  combat  maneuvers  and  power  dives.  However,  sustained, 
long  term  buffet  was  not  yet  encountered. 

Finally,  in  the  evolution  of  high  performance  aircraft,  comes  the  modern  jet  fighter.  Typi¬ 
cally,  these  feature  a  nigh  thrust  to  weight,  thin,  moderately  to  highly  swept  wings,  small  leading  edge 
radii,  and  have  the  capability  to  operate  in  sustained  supersonic  flight.  During  combat  however,  while 
performing  high  "g"  maneuvers  and  altitude/velocity  trades,  it  is  found  that  even  these  fighters  operate 
over  long  periods  in  the  transonic  regime,  and  are  limited  in  maneuvering  capability  by  increasingly 
severe  buffet,  wing  rock,  and  consequent  adverse  tracking  and  handling  qualities. 

In  order  to  more  thoroughly  understand  the  buffet  phenomenon,  flight  test  programs  were  under¬ 
taken  by  the  Air  Force  Flight  Dynamics  Laboratory.  During  these  programs,  four  high  performance  fighter 
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aircraft,  Fighters  A,  B,  C,  and  D,  were  flight  tested  in  the  transonic  regime  at  altitudes  of  25,000  and 
35,000  ft  (7,620  k  and  10,668  m)  nominally,  while  performing  wind-up  turns,  and  encountering  conditions 
from  buffet  onset  through  severe  buffet.  The  purpose  of  this  paper  is  to  discuss  the  results  of  the  flight 
test  programs  relating  high  speed  flow  separation  to  buffet,  examine  the  effects  of  mechanical  high  lift 
devices  on  buffet,  and  present  some  wing  tunnel/flight  test  buffet  correlations. 


2.  TRANSONIC  FIGHTER  BUFFET 

2.1  Airflow  Separation  -  Incipient  Buffet 

The  flow  separation  phenomenon  as  experienced  on  the  wing  of  a  fighter  Is  a  complex  pro¬ 
cess.  Leading  edge  separation,  trailing  edge  separation,  shock-boundary  layer  induced  separation,  and 
their  various  combinations  can  all  be  present  while  maneuvering,  and  depending  on  the  airfoil  shape,  angle 
of  attack,  and  Mach  number,  any  of  these  may  induce  buffet.  However,  it  may  be  generally  stated  that  lead¬ 
ing  edge  separation  (low  M;  high  a)  and  shock-boundary  layer  induced  separation  (high  M;  a)  are  the  two  pri¬ 
mary  forms  of  flow  separation  which  induce  buffet.  The  separation  process  is  also  progressive,  generally 
beginning  at  the  wing  tip,  and  expanding  inward  to  the  wing  root.  This  systematic  progression  was  found 
to  be  similar  on  all  the  aircraft  tested,  including  the  delta  wing  Fighter  D.  Figure  1  shows  the  initial 
separated  areas  on  Fighter  A’s  wing  at  Mach  Number  .81  and  with  separation  confined  to  the  wing  tip  region. 
The  criteria  used  to  establish  initial  flow  separation  and  buffet  onset  was  the  initial  increase  in  oscilla¬ 
tion  of  the  wing  tip  accelerometer.  Static  pressure  tap  readings  correlated  this  separation  well  with  the 
accelerometers.  The  interesting  point  here  arises  that  when  these  initial  oscillating  buffet  loads  are 
transmitted  to  the  fuselage  and  superimposed  on  the  engine,  duct,  etc.,  vibrations,  the  buffet  intensity 
is  attenuated,  and  the  pilot  does  not  feel  the  buffet  onset.  As  higher  lift  coefficients  are  demanded, 
the  separated  area  increases,  and  buffet  intensity  increases  and  is  sensed  by  the  accelerometer  at  the 
cockpit  (See  Fig.  2).  Finally  upon  near  total  flow  separation  (Fig.  3)  heavy  buffet  is  in  progress  and 
lateral /directional  oscillation  onset  and  wing  rock  are  experienced.  It  is  generally  at  this  point  when 
the  airplane  dynamic  stability  and  handling  qualities  are  so  degraded  that  gunsight  crocking  is  deterio¬ 
rated  and  further  combat  maneuvering  is  not  attempted. 

2.2  Buffet  Flight  Test  Review 

V* 

With  the  above  qualitative  idea  of  the  airflow  separation  -  buffet  ■•elationship  in  mind,  some 
quantitative  results  of  the  flight  test  program  will  be  presented.  The  first  point  to  bi  examined  is  the 
relationship  of  buffet  to  the  classical  stalling  point.  On  all  aircraft  tested,  the  initial  flow  separa¬ 
tion  (buffet  onset)  occurred  at  reasonably  low  values  of  lift  coefficient  as  would  be  expected,  without  a 
break  in  the  lift  curve.  Figure  4,  showing  lift  curves  for  Fighter  C,  iodicatas  that  buffet  onset  occurs 
wnere  the  lift  curves  are  still  linear,  and  not  until  heavy  buffet  do  tS.  .-.•irves  ejin  to  bend  over.  This 
trend  is  also  shown  in  Figure  5,  for  Fighter  D.  The  high  speed  analogy  to  the  stalling  point,  the«-e'' ,re , 
correlates  with  the  heavy  buffet  point  and  is  associated  with  near  total  flow  separation  and  severely  de- 
gradated  dynamic  stability  and  handling  qualities. 

Since  for  all  the  aircraft,  initial  airflow  separation  occurred  at  fairly  low  values  of  Cl  and 
a,  the  second  point  to  be  examined  is  the  angle  of  attack  for  buffet  onset.  Figure  6  shows  the  buffet  on¬ 
set  angle  of  attack  for  these  aircraft.  It  is  of  interest  to  note  that  for  the  fighters  with  conventional, 
swept  wings  (Fighters  A,  B,  C)  the  correlation  across  the  entire  mach  number  range  is  good,  in  spite  of 
the  rather  large  range  of  wing  loading  and  differences  in  plan  form.  However,  for  the  delta  wing  Fighter 
D,  the  correlation  did  not  hold  up.  Two  factors  are  considered  probable  to  effect  this  situation.  Basi¬ 
cally,  Fighter  D's  lift  curve  has  a  much  lower  value  of  Cl  at  a  =  0,  and  has  a  lower  slope  than  the  other 
aircraft  (See  Fig.  5).  Therefore,  to  attain  the  same  lift  coefficient,  a  higher  angle  of  attack  is  re¬ 
quired.  Secondly  at  high  angles  of  attack,  the  leading  edge  vortex  from  the  delta  wing  energizes  the  flow 
sufficiently  to  keep  it  attached  lower.  Hence  higher  angles  of  attack  were  possible  for  each  of  the  buffet 
levels. 

The  shift  in  the  angle  of  attack  curves  during  the  transition  from  light  to  heavy  buffet  was 
generally  well  behaved.  Figure  7  compares  the  trend  for  both  Fighters  C  and  D.  It  is  noted  that  changes 
in  slope  are  small  for  a  given  Mach  number,  and  it  appears  that  the  light  buffet  curves  were  merely  trans¬ 
lated  upward.  However,  on  Fighter  A,  the  very  nature  of  the  angle  of  attack  curve  changes  from  (light) 
buffet  onset  to  heavy  buffet  at  the  onset  of  lateral  directional  oscillation  (See  Fig.  8). 

Of  extreme  interest  was  the  analysis  of  the  lift  coefficient  (or  normal  force  coefficient  in 
the  case  of  Figher  0)  occurring  during  buffet  onset,  and  a  correlation  of  these  data.  Figure  9  shows  the 
variation  of  (Cl)bq  with  Mach  number.  Although  the  lift  coefficient  for  buffet  onset  is  a  function  of  the 
aircraft  geometric  characteristics  (wing  sweep,  aspect  ratio,  leading  edge  radius,  thickness  to  chord  ratio, 
etc.),  mass  parameters,  and  flight  condition,  it  is  seen  that  the  (Cl)bO  variation  with  altitude  is  small. 
This  was  especially  true  with  Fighters  A  and  0,  and  to  a  lesser  degree  with  the  Fighters  B  and  C.  Of  spe¬ 
cial  significance  was  the  fact  that  the  altitudes  and  speeds  constituted  the  majority  of  combat  conditions 
encountered. 

As  a  further  step  in  reducing  the  data  shown  in  Fig.  9  in  an  attempt  to  compress  the  data  field, 
the  Clbo  was  °Perated  with  a  number  of  "scaling"  parameters,  i.e.  altitude  density  ratio,  sweep  angle,  wing 
loading,  etc.  Since  this  plot  showed  minimal  altitude  effects,  the  altitude  density  and  pressure  ratios  were 
not  of  value  as  scaling  parameters,  and  therefore  the  aircraft  geometric  and  mass  parameters  were  stressed. 
The  best  scaling  parameter  found  was  (1/Kcos  A  .25c)  where 


K  = 
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Other  parameters  (i.e.  aspect  ratio,  taper  ratio,  critical  Mach  number)  were  investigated,  however,  in¬ 
consistencies  developed,  and  consequently  these  parameters  were  dropped  from  consideration.  The  results 
of  operating  on  Clbq  with  this  scaling  parameter  are  shown  in  Figure  10  with  the  dashed  line  showing  the 
mean.  Variations  from  this  mean  line  range  from  32  in  the  low  transonic  range,  10?  in  the  mid  transonic 
range  to  about  13?  for  Mach  nimbers  at  about  0.9. 

Although  this  was  relatively  simple  scaling  parameter,  the  results  obtained  were  quite  encourag¬ 
ing,  and  were  applied  to  other  aircraft.  Buffet  onset  C^'s  for  Fighters  E  and  r  were  obtained  from  NASA 

FRC,  and  also  scaled.  These  scaled  points  for  Fighter  E  fell  within  the  bounds  established  by  the  other 

AFFOL  flight  test  aircraft,  as  is  shown  in  Figure  10.  However,  the  Fighter  F  buffet  onset  did  not  corre¬ 
late  well,  as  shown  in  Figures  11  and  12.  Figure  11  shows  that  the  unsealed  for  the  buffet  onset  of 

Fighter  F  departed  from  the  trends  exhibited  by  the  other  fighters,  for  Mach  numbers  above  0.80.  Since 
the  general  shape  and  slope  of  the  Fighter  F  unsealed  buffet  onset  curve  was  at  variance  with  that  of  the 
other  aircraft,  the  scaled  curve  also  shows  poor  correlation,  as  shown  in  Figure  12. 

As  was  stated  earlier,  the  effect  of  the  scaling  parameter  was  to  compress  the  buffet  onset 
curves.  The  procedure  was  reasonably  satisfactory  for  all  aircraft  examined,  except  for  Fighter  F.  It 
should  be  noted  that  with  this  single  exception,  all  other  aircraft  possessed  moderate  wing  sweep  (25°  to 
60°),  conventional  airfoils  (NACA  0004-64,  65;  NACA  65A005.5,  types),  and  for  the  flight  conditions,  had 
wing  loadings  below  100.  Fighter  F  had  geometric/weight  characteristics  which  differ  from  the  above  and 
furthermore  possesses  a  sharp  leading  edge,  thus  the  lack  of  correlation  is  not  surprising.  However, 
further  work  in  the  buffet  onset  correlation  area  is  in  progress,  including  incorporation  of  additional 
aircraft,  as  well  as  additional  mass  and  geometry  parameters. 

3.  MANEUVERING  FLAP  INVESTIGATION 

As  was  mentioned  earlier,  the  flight  test  programs  included  the  use  of  mechanical  flaps  to 
investigate  their  effect  on  buffet  and  air-to-air  tracking.  It  should  be  understood  that  the  flaps  were 
those  originally  designed  for  use  during  take-off  and  landings,  and  therefore  had  to  be  mechanically  fix¬ 
ed  to  the  desired  deflection  prior  to  flight.  The  single  exception  to  this  was  in  the  use  of  fixed  man¬ 
euvering  slats  on  Fighter  C,  which  were  specifically  designed  for  maneuvering  conditions. 

In  classical,  incompressible  aerodynamics,  the  effect  of  flaps  and  slats  on  the  lift  curve 
are  well  known.  The  trailing  edge  flap  deflection  increases  the  Clmx  the  wing,  and  shifts  the  curve 
to  the  left,  decreasing  the  angle  of  attack  for  zero  lift.  The  effect  of  slats,  ideally,  is  to  increase 
C|_max  and  the  angle  of  attack  at  which  it  occurs,  without  shifting  the  lift  curve. 

During  the  AFFDL  buffet  flight  test  programs,  both  transonic  wind  tunnel  data  and  flight  test 
data  assessing  flap  effects  were  obtained.  Wind  tunnel  test  results  for  Fighter  B  with  various  leading 
and  trailing  edge  flap  deflections  are  shown  in  Figure  13.  It  is  seen  that  the  effects  of  these  devices 
transonically  is  generally  consistent  with  the  predicted  incompressible  results.  Leading  edge  flap  deflec¬ 
tions  generally  increase  the  CLMAX  without  shifting  the  lift  curves,  and  trailing  edge  flap  deflections 
both  raise  and  shift  the  lift  curves  to  the  left.  Flight  test  results  show  the  same  general  trends,  how¬ 
ever,  some  deviations  are  shown.  Figure  14  shows  the  effect  of  flaps  and  slats  on  the  lift  curve  of 
Fighter  C.  It  is  seen  that  in  the  case  of  leading  edge  flaps  $1%°/%°,  with  no  trailing  edge  flap  deflec¬ 
tion,  there  is  a  slight  degradation  of  the  lift  curve.  Otherwise,  the  effect  of  flaps  and  slats  is  as 
expected. 


The  effects  of  maneuvering  flaps  and  slats  on  buffet  onset  are  clearly  illustrated  in  Figures 
15,  16,  and  17.  (Buffet  onset  is  again  defined  as  initial  airflow  separation.)  Figure  15  shows  C|_bo  for 
Fighter  C  from  Mach  .75  up  to  .95.  Successive  increases  in  Clrq  are  seen  across  the  entire  speed  range 
for  each  of  the  flap/slat  deflection  combinations  shown.  The  highest  values  of  C|_bo  are  obtained  with 
maneuvering  slats  in  combination  with  a  trailing  edge  flap  deflection  of  15°.  This  increase  over  the 
baseline  (no  flap/slat)  amount  from  135%  improvement  at  M  =  .75  to  38%  improvement  at  M  =  .925.  Clearly, 
these  gains  are  significant.  A  second  point  of  interest  seen  on  this  figure  is  that  the  apparent  degra¬ 
dation  of  the  lift  curve  (for  0/8/8,  0)  is  not  carried  over  to  CLgg-  This  implies  that  during  maneuvering, 
a  leading  edge  flap  deflection  delays  the  initial  airflow  separation.  A  further  point  of  interest  is  the 
effect  of  slats  on  the  drag  polar.  This  is  shown  in  Figure  18  for  Fighter  C.  It  is  seen  that  an  increase 
in  drag  is  indeed  experienced  at  the  lower  lift  coefficients,  however  for  the  higher  lift  coefficients 
(M  >  0.5)  required  during  combat  maneuvering,  the  drag  level  is  reduced  attesting  to  the  improved  wing 
flow  field. 


It  is  pointed  out  that  the  flap  deflection  combinations  chosen  were  not  necessarily  those 
which  were  optimum,  furthermore,  care  should  be  taken  with  respect  to  generalizing  and  extending  these 
results  to  other  aircraft.  For  example,  in  the  case  of  Fighter  A,  a  leading  edge  flap  deflection  of  9° 
is  excessive,  and  leads  to  degraded  buffet  characteristics.  This  is  shown  in  Figure  17,  where  the  highest 
Cijjq's  were  attained  with  trailing  edge  flaps  only.  The  leading  edge  flap  deflection  does  give  slight 
gains  up  to  Mach  .87,  however,  a  degradation  of  CLBO  below  that  for  the  baseline  aircraft  occurs  after 

that  point.  Implicit  in  the  above  discussion  is  the  fact  that  the  flap  deflections  are  a  sensitive  para¬ 
meter,  and  tests  must  be  con.uc'°d  to  optimize  these  settings  for  maximum  maneuvering  efficiency.  Ideal¬ 
ly,  such  tests  should  be  per.urmed  in  a  wind  tunnel,  with  later  inflight  verification. 

4.  WIND  TUNNEL  -  FLIGHT  CORRELATION 

The  problems  of  obtaining  credible  transonic  wind  tunnel  data  are  extremely  complex,  and  have 
been  the  subject  of  numerous  recent  meetings.  Typical  of  these  problem  areas  are: 

a.  Tunnel  to  Turnel  Correlation 
(1)  Acoustic  Noise 
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(2)  Test  Section  Kach  Kunber/Static  Pressure  Gradient 

(3)  Wall  Porosity  (Percent  t  Distribution)  • 

(4)  Sting  Interference  * 

t 

b.  Reynolds  Nuafeer  Effect® 

c.  High  Lift,  Wall  Tnterferer.ee,  Buffet  Conditions  s 

’  t 

d.  Extrapolation  of  data  to  full  scale  flight  i 

Nonetheless,  during  the  Fighter  B  and  C  flight  test  efforts,  a  linited  amount  of  wind  turrel/flight  test 
correlation  was  possible,  which  showed  sane  significant  trends,  and  from ‘which  sore  general  conclusions 
could  be  drawn.  -  . 

Since  buffet  onset  was  defined  in  this- paper  as  the. initial  airflow  separation,  this  parameter 
will  be  examined  in  cure  detail,  with  respect  to  wind  tunnel  versus  flight  predictions. 

The  detection  of  initial  airflow  separation  as  sensed  by  static  pressure  taps,  is  shown  for 
Fighter  C  in  Figure  19.  It  will  be  noted  that  the  wind  tunnel  and  flight  test  instrumentation  spanwise 
locations  are  not  identical.  In  sp  te  of  the  differences  in  location,  the  agreenent  between  flight  and- 
wind  tunnel  for  initial  airflow  separation  is  quite  good.  A  siailar  trend  is  show*  in  Figure  20  which 
shows  initial  airflow  separation  as  sensed  by  the  wing-tip  accelerometer.  Upon  comparing  Figures  19  and 
20,  a  close  agreement  for  angle  of  attack  at  initial  airflow  separation  is  shown  between  the  wing  tip 
accelerometer  and  static  pressure  instrunentation.  :  • 

A  final  comparison  between  flight  and  wind  tunnel  indications  of  buffet  onset  is  shown  in 
Figure  21,  for  Fighter  B.  The  agreement  on  the  buffet  onset  point  between  flight  and  wind  tunnel  ;is  again 
seen  to  be  good.  It  should  be  remembered  however,  that  the  above  plots  were  for  the  baseline  aircraft' 

(no  flaps).  With  the  deflection  of  leading  edge  and  trailing  edge  flaps,  the  agreement  even  as  to  initial 
airflow  separation  varied  widely  and  further  study  in  this  area  is  warranted. 

5.  CONCLUDING  REMARKS  ! 

The  material  presented  in  this  paper  was  intended  to  be  a  qualitative  and  quantitative  investi¬ 
gation  of  the  relationship  of  airflow  separation  to  fighter  aircraft  buffet.  However,  there  is  a  complete¬ 
ly  different  aspect  of  the  problem  which  is  encountered  when  the  pilot  is  introduced  into  the  system. 

Simply  stated,  the  pilot  is  usually  able  to. perform  accurate  air-to-air  gunsight  tracking,  even  under 
moderate  to  heavy  buffet,  as  long  as  wing  rock  and  adverse  yaw  conditions  do  not  occur.  This  point  was  ! 
shown  through  quantitative  scoring  of  tracking  films  during  the  NASA  FRC  'flight  tests.  Furthermore,  some 
fighter  pilots  have  expressed  feelings  that  buffeting  enables  them  to  "know-where  they  were"  with  respect 
to  the  aircraft's  remaining  maneuvering  potential.  Finally,  comments  have  been  made  that  the  improvement 
of  specific  excess  power  is  a  more  important  consideration  than  buffet  for  combat  maneuvering.  These 
points  are  well  taken,  and  in  fact  with  the  development- of  new  advanced  fighters  with  thrust-to-weight 
ratios  on  the  order  of  one,  th^  thrust  limitation  should  be  greatly  diminished. 

From  the  material  presented  in  preceding  sections,  certain  general  conclusions  can  be  made- 

1 

a.  The  buffet  phenomenon  is  initiated  with  initial  .airflow  separation  !at  the  wing  tips.  : 

b.  The  aircraft  is  in  a  buffet  condition  while  stiill  on  .the  lower  part  of  the  lift  curve,  and 
without  the  pilot  being  aware  of  it. 

c.  The  use  of  maneuvering' flaps/slats  greatly  increases,  the  usable  lift  and  combat  potential 

of  the  aircraft,  without  a  severe  drag  penalty.  ,  i 

d.  Wind  tunnel  indications  of  initial  airflow  separation  (buffet  onset)  gives  good  agreement 

with  flight  test  for  the  baselinfe  aircraft.  .  , 

Although  buffet  intensity  alone  does  not  appreciably  degrade  the  pilot's  tracking  capability 
until  moderate  to  heavy  intensity  levels  are  reached,  the  separated  flow  produces  a  significant  perform¬ 
ance  degradation  and  leads  ultimately  to  a  serious  handling  qualities  deficiency-wing  rock.  Thus  work 
should  be  continued  to  delay  buffet  onset,  and  to  reduce  its  intensities  wherever  possible.  Some  areas  . 
where  work  should  be  continued  are: 

a.  Continued  correlation  of  existing  buffet  data  up  through  heavy  buffet. 

b.  Relationship  of  heavy  buffet  to  loss  of  dynamic  stability. 

c.  Wind  tunnel  optimization  of  maneuvering  flap/slat  schedule  for  maneuvering. 

d.  Wind  tunnel  techniques  for  improved  correlation  of  buffet  data  with  flight. 
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efsterically.  acre  en  befifieti^g  dites  ia sk  te  tbe  isrestiratioe  efi  *c  acefdest  is  1530  *feics  led  to 
aiod-taatel  tertisg  of  tall  vflratiee  it  tigs  aegres  efi  att adfc  dee  te  iwwrsice  is  tbe  separated  stair ed- 
cisg  file*.--  Orfgfcaily  tbe  exyressreo  *lofifieti=5*  cas  applied  to  ssrb  tail  ribraticea.  aed  early  cork 
cccoestrated  cc  *fc»t  ce  or*  earl  ’tail  bofiTetisg*.  Sclascocstly,  istereat  asifitad  to  tbe  exeitatice  efi  tbe 
cisg  itself  ly  tar  Hstcitisj  stalled  .11c*  abere  it.  acd  tbis  ia  atat  is  csrreotly  aeeot  ry  tbe  ters 
befifieti sg*.  lore  recrctly.  is  tbe  ccetext  efi  ccslat  rereesrres  of  fiigiter  aircraft  at  Ugh  sahaceic  speeds, 
rsfifietirg  associated  site  aroci-isfcced  ceparaticcs  has  becoae  o?  priaary  isportaoce.  A  related  problem, 
saisly  associated  cits  cerve  ce  high  perfiorcaoce  cecpresaor  aod  helicopter  blades,  ia  tbe  oscillatory 
xctico  efi  a  stalled  wing  io  sss  a  car  that  tbe  oatare  efi  tbe  floe  aeparatica  differ*  at  '  Ifierest 
icatasta  ia  tbe  cycle,  possibly  switching  firos  attasbed  to  separated  file*  or  fires  a  leai.^g-edga  to  a 
trailiag-edge  stall.  Tbis  pbescseeeo.  kocca  as  stall-ilctrer.  is  usually  associated  with  a  narked 
to  referral  (pitcWag)  wiag  notice.  Tbe  sffiiaity  betcees  bufifietisg  and  stall-flutter  has  beea  discussed  iy 
Tvag  ado  pointed  cut  th- there  my  be  si t us t ices  vbsre  it  is  difficult  to  sake  tbe  disiisetico.  A  basic 
feature  cf  these  problem  is  tbe  closed-locp  iaterastico  betceea  tbe  fluid  action ,  iavolvicg  separated 
floe,  asd  tbe  aoticc  of  tbe  cing  surface,  fiao  types  of  aetbeeatical  rx-del  are  available,  (fee  takes  tbe 
for*  of  nca-eutoccaoue  equations  represeatieg  a  P0SCS5  VTB2ATICS.  Tbe  other  consists  of  suteacoous 
equations  (ie  cot  containing  tiae  explicitly)  representing  a  nt»-lioear  UJQY  CTC1E.  (This  latter  type 
of  notion  ce  will  refer  to  as  SHE-UJfEAH  PIinTCB). 

thilst  it  is  ensiorary  to  regard  structural  buffeting  as  s  forced  vibr3tionyin  which  the  aero^ynasin 
forcing  ter*  can  in  principle  be  obtained  fro*  ssasuresents  on  a  fixed  wing^aore  basic  research  is 
required  to  deteruiae  tbe  Units  of  applicability  of  this  appr.ach.  In  the  distinction  between  forced 
vibration  and  non-linear  flutter  it  is  probable  that  the  aean  axplituda  of  wing  action  is  a  relevant 
parameter,  action  of  stall  arplituds  leaving  the  turbulent  fluctuations  in  tbe  separated  flow  essentially 
the  sswe  as  in  the  fixed-wing  esse  but  leading  to  a  snail  additive  notion— dependent  asroiynatdc  component 
(whose  Influence  is  priasrily  in  dating),  is  the  s*plitude  of  notion  increases,  however,  the  possibility 
arises  of  tbe  ’entrainsent'  of  the  larger  scale  irregular  flow  fluctuations,  which  influence  circulation 
snd  wing  lift,  into  a  deterministic  relationship  with  the  wing  xotion.  Ibis  type  of  resonance  is  of  course 
nost  likely  if  tbe  frequency  of  wing  motion  (Strouhsl  -wsber;  is  close  to  seme  nstursl  frequency  of 
vorticity  shedding  in  the  separated  flow.  Thus,  as  tho  atplitude  o:  Dot'cn  increases,  a  cbsngeover  in  the 
type  of  closed-loop  interaction  cculd  occur. 

An  analogous  problem  concerning  the  choice  of  appropriate  theoretical  model  also  occurs  in  connection 
with  wing-rocking.  It  is  not  yet  clear  whether  wing-rocking  should  be  regarded  as  the  serodynsnically 
forced  respouee  of  s  stable  eystea  or  in  terms  of  lioit-qycle  oscillations  of  s  system  which  is  unstable 
at  zjtll  amplitudes  but  whose  motion  is  bounded  by  amplitude-dependent  non-linear  forces.  An  important 
area  for  future  work  ia  to  determine  the  appropriate  characteristics  thst  may  be  identified  on  relatively 
rigid  wind-tunnel  models  indicating  the  onset  of  wing-rocking  at  full  scale.  Corresponding  to  tbe  too 
typos  of  theoretical  model  (forced  vibration  or  limit  cycle)  appropriate  indications  e.tber  taice  the  fora 
of  measured  fluctuating  aerodynamic  forces  (such  aa  rolling  moments)  or  of  tbe  breakdown  of  some  linear 
stability  criterion  for  rigid-body  aotion  (Dutch  Boll  stability  for  instance).  Tbe  basic  distinction  is 
that  the  former  method  ia  based  on  the  FUICTUATTHC  part  of  measured  aero  dynamic  foroat  under  separated 
flow  conditions  whilst  the  latter  is  based  on  the  K&AS  aerodynamic  forces  which  determine  stability 
derivatives.  239 
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Tie  isterasiiee  betaeee  flcdd  notice  aed  airg  notice  nzy  be  described  is  ’egrstene  aealysia'  terms, 
lie  ^fltpleSl  ayste®  representatiae  (Jig  2a)  eecsiats  cf  a  freeteatisg  ajrodjsanie  force  applied  to  a  strcctcre 
(wires  ae  taie  te  rep  reject  either  flexible  er  rigid— body  respeese).  Prcrided  all  aers^ssnie  force  ccepec- 
eefs  are  icelaied.  tire  medal  is  a  valid  descriptiec  cf  all  tie  problems  ceessieerad.  Ic  general,  bewever. 
tier*  ere  aejedjra.snie  forces  abici  depesd  ce  tie  acties  ef  ti*  streetere,  acd  these  are  cet  Icccaa  a  priori. 
Caesesnectly,  ti*  cpea-i«jcp  fomnlaties  illsstrated  is  ?5g  2a,  abdlst  valid  is  principle,  is  set  generally 
ti*  neat  taeefel. 

Sa  slspieat  'closed-loop*  system  repreaestatiee  arises  abec  ti*  flea  field  is  deter®2sistic.  depending 
aricaely  ce  ti*  past  history  of  stmetcral  notice.  Is  illustrated  in  Pig  2b  there  ara  in  this  case  HO 
independent  detassnnistic  relatieesbiFS  between  ti*  strectcral  notice  acd  tie  aercdyrajric  force  (a  general¬ 
ised  force,  appropriate  to  ti*  node  of  respeese  in  cnesticc.  taking  tie  for®  of  a  weighted  integral  of 
pressures,  ever  the  streets^*)-  Cte  relaticcsbip  is  obtained  fxeae  the  epratices  of  notice  of  the  strcctare; 
acd  aicee  the  flew  field  is  onicnely  dependent  epee  ti*  past  history  of  strcctnra!  notices  so  can.  in  principle, 
deduce  a  secrod  relaticcsbip  between  structural  motioa  and  aerodysazdc  force  free  the  e^uaticcs  of  aotica 
for  fee  fluid,  ibe  Joint  tine  variation  of  structural  action  and  aeredynaeic  force  nay  then  be  deduced  as 
that  compatible  with  these  two  independent  relationships.  He  closed-loop  systsa  my  be  referred  to  as 
'satseoeec a’  or  'aolf-excited'  end  the  setieo  takes  the  for*  of  a  Halt  cycle.  Whilst  the  structural  response 
can  usual ly  he  adequately  cefired  using  linear  equations,  the  fact  that  two  IKSrrSSbX?  fcncticcal  relation¬ 
ships  exist  between  aerodjrr-ax-c  force  and  structural  action  requires  that  the  aerodynasic  feedback  locp  be 
ccelineat  (ae  exclude  the  trivial  case  where  the  closed-loop  fluctuations  take  the  fors  of  sinusoidal 
cseillaticcs  cf  an  overall  linear  syste*  in  central  equilibric®).  We  will  refer  to  all  such  types  of  notion 
as  J0SU5B12 

Finally,  ae  eccsid.tr  the  closed-locp  systex  representation  in  the  case  where  tfce  flow  field  is  random, 
differ* ng  flea  tiae-historiea  following  fro*  identical  realisation  of  structural  notion.  The  appropriate 
systex  formal ati on  then  takes  the  fors  illustrated  in  Fig  2c,  whore  two  components  of  aerodynasic  force  era 
shown  separated,  one  deterxined  by.  ani  one  independent  of,  structural  notion.  Two  particular  cases  of  this 
formulation  nay  be  distinguished.  In  the  first  case  the  combination  (indicated  in  Fig  2c  by  a  dashed  line) 
of  structural  notion  and  aotion-depeacent  aerodynasic  force  forms  a  stable  tystes  which,  left  to  itself. 

•onld  settle  down  to  a  state  ofeqnilibrius.  This  is  the  F05CSP  VIBHA7I0X  sc del  for  tie  closed-loop  system. 

Tn  the  second  case  the  feedback  loop  itself  produces  self-excited  oscillations  and  we  have  the  situation  of 
sn  essentially  aulonoxous  systea  disturbed  by  external  noise.  Whilst  this  latter  theoretical  model  is  little 
used  in  practice  it  is  required  conceptually  if  we  wish  to  consider  s  continuous  transition  between  forced 
vibration  and  nonlinear  flutter. 

In  practical  applications  of  the  forced  vibration  sxdel  (Fig  2c)  several  further  assumptions  sre  often 
sade  which  require  careful  investigation.  In  the  first  place  it  is  usually  assumed  that  the  aerodynamic 
excitation,  or  'motion  independent  aerodynamic  force1 ,  is  relatively  wide  band  and  can  be  obtained  from 
■easurements  on  a  fixed  wing.  This  assumption  may  be  justifiable  for  low  amplitudes  of  structural  motion  but 
requires  validation  in  the  general  case.  For.  whilst  the  aerodynamic  excitation  of  the  syster.  illustre  ed 
in  Fig  2c  is  motion  independent  in  the  sense  tbat  it  axy  be  regarded  as  an  'external  r.oise  generator'.  tke 
STATISTICAL  PROPERTIES  (such  as  power  spectral  density'  of  this  force  csy  in  fact  depend  on  tbo  mean  amplitude 
of  structural  motion.  Thie  possibility  appears  to  have  been  first  discussed  in  Ref  2.  where  it  was  invoked 
as  a  possible  explanation  of  a  trend  in  tbs  experimental  results.  Since  we  cannot  necessarily  relate  the 
aeic-'ynanic  forces  illustrated  in  Fig  2c  to  forces  measured  on  a  fixed  wing,  the  question  arises  as  to  how 
thft  reparation  into  'notion-depender.t'  and  'motion- 1  ndapendent'  components  of  aerodynamic  force  may  be  made 
conceptually.  It  io  shown  in  Ref  6  the*  this  decomposition  requires  the  introduction  of  an  external  test 
signal  (such  as  an  additional  force). 

If  we  make  the  assumption  that  the  aerodynamic  excitation  may  be  obtained  from  measurements  on  a  fixed 
wing,  and  also  are  able  to  ortair.  numerical  estimates  for  the  motion  dependent  aerodynamic  force  (of  which 
the  significant  component  is  usually  aerodynamic  damping)  the  forced  vibration  model  provides  the  basis  of  fc 
method  for  predicting  *.ha  amplitude  of  closed-loop  response.  It  is  therefore  important  to  know  whether  the 
existence  of  separated  flow  s.gnificantly  affects  the  linai.rity  or  magnitude  of  aerodynamic  damping.  Existing 
published  information-3  indicates  a  significant  increase  of  damping  under  those  conditions.  In  the  case  of 
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fcwffriias  at  IAjSs  sciscoic  ap*»£s  *ea»  releraert  itsalt*  Treat  races!  flight  tests  ax*  described  is  section  9  . 

Wirt  :b*  pzeceiisg  diserssias  i*s  owes  qdte  geseral.  sad  applicable  to  ae  arbitrary  soda  of 
strceteraS  release,  is  He  cue  of  aiss  Streeter*!  baffetiag  so  take  tie  Ties  (in  cosmos  with  nost  previous 
•sitn)  tin  >  lines?  forced  nv’atico  sadel  is  generally  appropriate.  Is  tbs  following  section  so  consider 
is  naze  detail  eorb  a  eedel  for  beffetisg  respeeae  is  tie  first  aisg-beading  node. 

3  gfgEsgcsm  gcgyggns  U3  gsc-accnoc 

Is  tie  ease  of  strcntcral  beffetirg  of  a  wing  it  is  csosl  vo  asaoae  that  a  forced  Titration  theoret¬ 
ical  sodel  with  licaar  aercdygaaic  tepisg,  asd  aerodfsanie  excitation  obtainable  fro*  fixed-wing  weasorw- 
■trts,  is  applicable,  The  rwapeese  is  tie  node  with  displaceneat  defised  by  tbe  geseralised  co-ordinate 
z(t)  is  ties  represented  by  tie  lisesr  differential  equities 

m^-J-2Mlwo#  +  Ku^z  =  x0:).  Cl) 

•  ,  a  Cl  t 

Xvt;  is  tbe  aeredygaaic  exeitaticc,  sarieg  so  feedback  fro*  wine  notice,  obtained  as  an  integral  orer  the 
wisg  isrolrfcg  tie  associated  flceteatieg  pressure  distritutien  aad  the  node  shape.  Statistical  respond 
calcslatiocs,  cs  tbe  basis  of  epstiee  (1 )  involve  thi  power  spectra*  of  x  (t) ,  obtainable  in  principle  from 
ezess-correlatiea  neascreaests  of  flcetoatiag  pressures.  This  analytical  aodel  (Kg  3),  applied  to  the  first 
sysJBetrie  wieg-bendisg  node,  has  bees  the  cscal  way  to  treat  structural  buffeting  in  tbe  past4’  .  In 
epatiec  is  ta  'eqeiwalest  mass'  asi  03o  is  the  isiKped  natural  frequency.  It  is  assumed  that  the 

significant  ccmpcgest  of  notion  deperdest  aercdycMtic  force  takes  the  fora  of  a  linear  viscous  damping  tore, 
witi  dwuping  ratio  .  tie  effect  of  aerodynamic  forces  co  the  stiffness  and  inertia  being  negligible. 

In  general,  aerodynamic  damping  will  depend  co  frequency,  but  since  we  are  considering  tbe  response  in  a 
single  relatively  lightly-danced  structural  node,  the  spproxisatioa  with  taken  as  s  constant  will  be 
adequate  provided  we  use  a  value  appropriate  to  tbe  herding  frequency.  The  contribution  of  structural 
damping  has  been  purposely  omitted  free,  equation  (1),  as  its  contribution  appears  tc  be  significantly  aaeller 
than  tbit  of  aerodynamic  damping  in  the  buffeting  situation  ce  s  full-scale  aircraft  and,  noreover.  its 
correct  representation  is  still  subject  to  uncertainty.  "The  simplest  assumption  would  he  to  assuas  a 
viscous  damping  proportional  to  tbe  rete  •iz.fdt  ,  in  which  case  tbe  energy  dissipated  per  cycle  would  be 
proportiocal  to  frequency.  However,  there  is  evidence  that  both  the  slipping  effects  of  a  riveted  structure 
and  tbe  internal  damping  of  maj  enginee  ring  materials  exhibit  a  type  of  damping  in  which  the  energy  loss 
per  cycle  is  proportional  to  tbe  square  of  tbe  strain  amplitude,  independent  of  tbe  frequency.  This  is  the 
assumption  made  in  tbs  theoretical  analysis  in  Bef  2.  It  should  he  noted  that  equation  (11  neglects  possible 
aerodynamic  coupling  between  the  node  under  consideration  and  other  structural  modes.  As  discussed  in 
section  2  tbe  principle  questions  raised  by  the  forced  vibration  model,  equation  (1),  and  which  require 
further  excerinectml  investigation,  are  whether  the  statistical  properties  of  x(t)  are  in  fact  independent 
cf  tbe  seas  amplitude  of  wing  motion  and  whether  the  aerodynamic  daoping  is  both  linear  and  predictable. 

Tbe  dynamic  analysis  of  rigid-body  motions  in  the  presence  of  separated  flow  follows  the  general 
pattern  outlined  in  section  2  and  will  only  he  discussed  here  in  general  tens.  The  principle  rigid-body 
node  of  interest  is  the  lateral  roll-yaw  oscillation,  or  Butch  Boll.  In  the  case  of  wing-rooking,  two 
possible  types  of  analytical  model  exist,  analogous  to  the  systems  illustrated  in  Kgs  2b  and  2c,  one  repre¬ 
senting  an  autonomous  oscillation  and  the  other  a  forced  vibration.  On  the  basis  of  existing  information 
it  is  not  yet  clear  which  is  the  appropriate  formulation.  However,  a  flight-te3t  investigation  of  this 
question  is  in  progress  (see  section  9)*  If  wing- rocking  proves  to  he  an  autonomous  oscillation  with  the 
motion  unstable  at  small  amplitudes  but  confined  to  finite  amplitudes  by  nonlinear  forces,  its  onset  nay  bw 
preceded  by  a  detectable  decrease  in  Butch  Roll  stability.  This  would  link  wing-rocking  with  those 
phenomena  involving  a  divergent  instability  (wing-dropping,  nose-slice)  whose  onset  has  previously"'  been 
associated  with  linear  stability  boundaries.  In  all  such  cases,  the  aerodynamic  derivatives  required  are 
those  relevant  to  the  separated  flow  condition,  including  effects  of  wing  separated  flow  or.  the  rear  fuselage 
or  tail  *id  in  the  case  of  damping  derivatives  should  be  evaluated  at  small  amplitudes  of  motion.  The 
other  possibility  is  that  wing-rocking  be  interpreted  ae  a  forced  vibration,  excited  by  fluctuating  aero¬ 
dynamic  forces  which  are  independent  of  wing  motion.  Fluctuating  rolling  moments  have  be-n  observed  on 
fixed  models  at  high  lift,  but  it  is  not  known  to  what  extont  coupling  arises  when  rolling  motion  occurs. 

4  CONTRAST  rETAEEN  ErfSHSALLY  FORCED  AND  STRUCTURALLY  RESPONDING  WING 

Whilst  the  mutual  interaction  between  the  separated  flow  field  and  the  motion  of  the  wing  surface  is 
an  essential  part  of  the  buffeting  phenomenon,  significant  information  can  be  obtained  by  breaking  into  the 
loop  and  considering  the  fluid  motion,  and  associated  pressure  fluctuations,  in  response  to  an  externally 
imposed  time  history  of  wing  motion'.  We  will  refer  to  such  open-loop  response  as  ’externally  forced'  in 
contrast  to  the  closed-loop,  mutually  interacting,  case  when  we  will^y  the  wing  is  'structurally  responding' 
(Kg  4).  The  distinction  is  that  in  the  case  of  a  structurally-responding  wing  the  aerodynamic  force  is 
related  to  wing  motion  through  the  equations  for  structural  response.  In  the  case  of  externally-forced  motion 
however,  the  existence  of  additional  externally  iapoaed  forces  destroys  the  influence  of  pressure  fluctua¬ 
tions  (and  the  associated  aerodynamic  force)  upon  wing  motion. 

Using  the  terminology  introduced  in  section  2,  if  the  motion  of  the  structurally  responding  wing  takes 
the  form  cf  non-linear  flutter,  the  fluid  motion  is  related  to  wing  motion  in  a  completely  deterministic 
manner.  In  this  case  the  flow  field  and  associated  pressure  fluctuations  depend  only  on  the  time  history  of 
motion  o'  the  wing  and  are  independent  of  whether  it  is  externally  forced  or  is  structurally  responding. 
However,  if  the  structurally  responding  wing  motion  takes  the  form  of  an  aerodynamically  'forced  vibration* 
(section  2),  the  flow  field  is  random  and  the  statistical  properties  of  ore33ure  fluctuations  villain  general, 
differ  from  those  occuring  on  an  externally  forced  wing,  even  for  identical  time  histories  of  wing  motion. 

For.  in  the  case  of  externally  forced  motion,  the  ensemble  (family)  of  fluid  motions  corresponding  to  a  given 
time  history  of  wing  motion  consists  of  all  those  flow  fields  compatible  with  the  boundary  conditions 
imposed  by  the  wing  surface  velocities.  In  the  case  of  »  structurally  responding  wing,  however,  there  is  a 
smaller  ensemble  of  compatible  fluid  motions  consisting  of  the  subset  of  flow-fieids  vhich  satisfy  IN 
ADDITION  the  relation  between  aerodynamic  force  and  wing  motion  imposed  by  the  equations  for  structural 
response  (Kg  4).  Since  the  aerodynamic  force  is  obtained  as  an  integral  over  the  wing  involving  pressure 
fluctuations  and  mode  shape,  in  the  case  of  a  structurally  responding  wing  there  is  an  additional  integral 
constraint enforced  on  the  ensemble  of  possible  flow  fields.  A  particular  consequence  i3  that  the 
fluctuating  aerodynamic  forces  on  externally-forced  and  structurally-responding  wings  have  differing 
statistical  properties,  which  we  will  illustrate  by  means  of  a  numerical  example. 
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Consider  the  structurally-responding  wing  whose  notion  is  defined  by  the  differential  equation 

+  2  ($«+  §s)^z/olt  =  'xCfc). 

This  is  a  simple  extension  of  equation  i  > )  to  include  the  effect  of  viscous  structural  damping  S$  • 
Without  loss  of  generality  we  have  chosen  units  such  that  the  undamped  natural  frequency  is  unity.  The 
overall  damping  ratio  5fc  of  the  system  has  been  taken  as  0.1,  20JC  of  which  is  contributed  by  structural 
damping.  Thus  ,  _  _ 

S^=  0-08,  Ss=0-02L,  Sfc=  0-1  . 

The  power  spectrum  of  aerodynamic  excitation  x(t)  is  taken  to  be  flat  in  the  vicinity  of  the  resonant 
frequency,  and  to  have  unit  power  per  unit  bandwidth.  The  power  spectra  §>z  of  wi-.ig  motion  and  of 

total  aerodynamic  force  (Pig  3)  are  then6  as  illustrated  in  Pig  5*  It  can  be  seen  that  whilst  has  a 
peak  for  frequency  t-'rj  |  £  has  a  corresponding  region  of  low  spectral  dens’ ty  (a  'hole'  in  the 

spectrum)  *  * 

Suppose  now  than  an  experiment  be  performed  in  which  the  wing  is  externally  forced  (Fig  4)  to  follow 
an  identical  time  history  of  motion.  That  is  to  say,  the  wing  is  constrained  by  additional  external  forces 
to  move  in  such  a  way  that  z(t)  follows  the  solution  of  equation  (2),  but  is  now  completely  uncorrelated 
with  the  motion  -  independent  component  of  aerodynamic  force  xlt).  In  this  situation,  although  the 
spectra  of  zlfc)and  xlfc)  are  unaltered,  the  spectrum  of  total  aerodynamic  force  differs  from 

as  illustrated  in  Pig  ?,  &  having  a  peak  related  to  that  in  .  It  is  clear  from  a  comparison  of 
and  § s  that,  in  the  case  of  n  structurally-responding  wing,  the  phase-relation  existing  between  ztt)  and  " 
xlt)  Fas  a  dominating  effect  on  the  spectral  density  of  the  total  aerodynamic  force  in  the  neighbourhood 
of  the  resonant  frequency.  The  correlation  existing  between  Z.(t)  and  x(fc)  is  an  essential  element  of  the 
way  in  which  aerodynamic  damping  operates*  by  partial  cancellation  of  the  motion-independent  component  of 
aerodynamic  force.  Some  implications  of  this  result  for  the  interpretation  of  measured  pressure  fluctua¬ 
tions  from  flight-tests  are  discussed  in  section  6.2. 

5  INTERPRETATION  OP  STRUCTURAL  RESPONSE  MEASUREKEOTS 

The  consequences  of  the  'forced  vibration*  theoretical  model,  for  the  interpretation  of  structural 
response  measurements  of  a  buffeting  wing,  have  been  extensively  discussed  elsewhere  (see,  for  example, 

Ref  2).  Here  we  briefly  review  those  results  applicable  to  full-scale  flight  teats. 

Measurements  of  structural  response  may  be  made  using  strain  gaugeB  or  accelerometers.  The  former 
technique  has  been  extensively  used  in  the  past  for  predictigg  full-scale  buffeting  intensity  on  the  basis 
of  wind-tunnel  tests,  for  instance  in  the  technique  of  Mabey  in  which  relatively  rigid  models  are  used 
and  tunnel  noise  employed  as  a  reference  excitation.  However,  if  the  objective  is  to  measure  the  fluctua¬ 
ting  motion  of  the  wing,  accelerometers  may  be  preferable. 

On  the  basis  of  the  forced  vibration  model  (Pig  3),  applied  to  buffeting  response  in  the  first 
wing-bending  mode  (for  instance),  the  effects  of  varying  air  density  may  he  deduced.  If  we  make  the 
assumption  that  the  damping  is  predominantly  aerodynamic,  then  since  aerodynamic  forces  are  proportional 
to  air  density,  we  have 

5  Si  Oonsh»n^  X  p  .  (3) 

Making  the  additional  assumption  that  the  aerodynamic  excitation  Xlt)  has  a  relatively  flat  spectrum 
in  the  vicinity  of  the  resonant  frequency,  §  may  be  deduced  from  the  rate  of  decay  of  the  autocorrela¬ 
tion  function  of  a  hand-pass  filtered  aocelerometer  (or  etrain  gauge)  signal.  In  conjunction  with 
equation  (1),  equation  (3)  implies^  that  ^  ,  » 

<J~—  constant  X  f  ,  V+) 

where  <J~  is  the  root-mean-square  value  of  fluctuating  normal  acceleration  (for  instance)  over  the 
bandwidth  of  the  mode  considered.  Equations  (3)  and  (4)  refer  to  conditions  in  which  dynamio  pressure 
is  varied  whilst  non-dimensional  aerodynamic  parameters  are  held  constant.  In  particular,  it  is 
assumed  that  the  separated  flow  'pattern'  is  insensitive  to  associated  changes  in  Reynolds  number.  It 
should  be  noted  that  this  restriction  almost  certainly  excludes  conditions  near  buffet  onset,  when 
separated  flow  is  first  developing  on  the  wing. 

Measurements  of  the  structural  response  of  a  buffeting  wing,  obtained  from  full-scale  flight  tests 
in  which  variable  air  density  was  obtained  by  testing  ovsr  a  range  of  altitudes,  are  described  in  section  9 
In  the  case  of  wind-tunnel  experiments  it  is  in  principle  possible  to  subject  theories  for  buffeting  '■>  a 
more  critical  test  by  comparing  models  with  differing  stiffness.  For  example,  Rainey  and  ISyrds  ng  V.ted 
models  having  identical  geometry  but  constructed  of  steel,  aluminium,  and  magnesium  alloys,  and  rou^pa'.-ed 
results  with  theoretical  predictions  (including  effeots  of  structural  damping).  In  Ref  2  the  poesibili  v 
of  a  significant  variation  of  the  statistical  properties  of  aerodynamic  excitation  xlfc)  (Pig  3)  with 
the  mean  amplitude  of  wing  motion  is  suggested  and  the  lintarity  of  aerodynamic  damping  in  buffet  queried. 
Twelve  years  later,  answers  to  such  questions  are  still  only  speculative  and  the  need  for  further  wind- 
tunnel  experiments  is  apparent.  Moreover  there  ie  now  a  requirement  to  extend  our  understanding  to  higher 
transonic  speeds  where  shock-induced  separations  play  1  crucial-role.  An  experimental  programme  to 
investigate  these  problems  further  is  currently  being  de\ eloped^  at  the  Royal  Aircraft  Establishment. 

6  SOME  APPLICATIONS  OP  FLUCTUATING  PRESSURE  MEASUREMENT 3 

There  is  an  increasing  trend  towards  the  use  of  fluct,uvt;.ng  pressure  naesurements  for  the  study  of 
buffeting.  We  now  consider  some  possible  applications  ci  euch  measurements  on  the  basis  of  the  forced 
vibration  model  of  buffeting. 

6. 1  Measured  fluctuating  pressures  on  rigid  wing 

Ity  taking  measurements  at  a  sufficient  number  of  points,  and  integrating  pressures  to  obtain  overall 
forces,  it  is  in  principle  possible  to  use  fluctuating  pies3ures  on  a  scaled-model  rigid  wing  in  a  wind- 
tunnel  as  the  basis  of  a  statistical  calculation  of  buffeting  response.  The  basic  quantity  required  for 
such  a  calculation  is  the  power  spectrum  of  xlt)  (Pif  3),  which  arises  as  an  integrated  product  of  the 
structural  mode  shape  and  the  cross -spectrum  of  pressure  fluctuations.  Aa  a  result,  only  those  fluctuating 
pressures  which  are  correlated  over  distances  of  the  ord  r  of  a  ’wavelength*  of  the  structural  mode  will 
significantly  contribute  to  the  excitation.  In  the  case  of  the  first  symmetric  wing-bending  mode,  only 
thosa  pressure  fluctuations  contributing  to  fluctuations  in  circulation ,and  lift  on  associated  choriwise 
wing  sections, will  be  relevant.  In  contrast  to  the  excitation  of  wing  panels  by  a  region  of  separated  flow 
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when  the  associated  relatively  high  frequency  pressure  fluctuations  are  generated  primarily  in  the  shear 
layer  and  appear  almost  exclusively  directly  beneath  the  region  of  separated  flow,  the  effects  of 
separation  on  circulation  and  associated  lift  arise  is  a  way  that  is  not  fully  understood.  Ore  pc  bility 
is  that  a  significant  component  of  fluctuating  circulation  may  arise  as  an  indirect  effect  of  xfce 
separated  flow,  through  the  breakdown  of  the  Kutta  condition  which  normally  determines  the  circulation, 
fe  cannot  necessarily  assume  that  the  relevant  pressure  fluctuations  are  located  only  beneath  the 
separated  flow  region.  It  is  quite  possible  that  the  whole  flow  field  around  the  wing  is  inherently 
unste  and  thus  pressure  fluctuations  which  contribute  to  fluctuating  lift  may  be  significantly  large  at 
all  points  where  there  are  large  spatial  mean-pressure  gradients. 

On  the  assumption  that  the  aerodynamic  excitation  xlfc)  is  statistically  independent  of  the  mean 
amplitude  of  wing  motion,  and  that  some  means  of  estimating  the  damping  is  available  (see  section  7)-  an 
estimate  of  the  power  spectrum  of  x(fc)  based  on  rigid-wing  measurements  may  be  employed  in  a  calculation 
of  buffeting  response  using  equation  (l).  This  method  has  previously  been  employed'  to  a  slender  wing 
with  a  leading-edge  vortex.  However,  in  the  oase  of  a  swept  wing  at  high  subsonic  speeds,  the  possibility 
of  using  fixed-wing  pressure  fluctuations  as  a  basis  for  the  prediction  of  buffeting  amplitudes  requires 
critical  investigation.  The  aerodynamic  damping  ratio  ,§a  in  general  contains  components  from  both 
attaohed  flow  and  separated  flow  regions  on  tha  wing,  and  should  of  course  take  the  value  appropriate  to 
the  mode  frequency.  In  section  9»  flight-test  results  are  described  which  indicate  large  variations  with 
Cjj  of  aerodynamic  damping  on  a  buffeting  wing.  This  may  imply  a  significant  limitation  on  the  quantitative 
use  of  pressure  fluctuations  measured  on  rigid  wings. 

6.2  Measured  fluctuating  pressures  on  structurally  responding  wings 

We  turn  now  to  the  case  where  fluctuating  pressures  are  measured  on  a  buffeting  wing  which  is 
structurally  responding  in  a  flexible  mode.  This  includes  *oth  full-scale  flight  experiments  and 
measurements  in  wind-tunnels  using  models  with  scaled  elastic  properties.  The  interpretation  of  such 
measurements,  if  taken  in  isolation,  is  complicated  by  the  fact  that  the  fluctuating  pressure  distribution 
ia  in  general  the  sum  of  superposed  aerodynamic  excitation  and  response  fields  (including  aerodynamic 
damping).  As  we  shall  indicate,  considerably  more  information  may  be  obtained  from  wind-tunr.el  tests  if 
fluctuating  pressures  on  structurally-responding  wings  and  on  rigid  wings  with  similar  geometry  are  compared. 

We  suppose  that  the  wing  buffeting  is  approximately  modelled  as  a  forced  vibration,  in  which  oase  the 
fluctuating  pressure  |a(b)  at  an  arbitrary  point  on  the  wing  may  he  expressed  as  the  sum  of  two  components: 
a  ’motion  dependent’  component  pj(t)and  a  ’motion  independent’,  or  aerodynamic-excitation,  component  bx(fc). 
The  power  spectrum  of  fult)  will  consist  of  a' narrow-band  peak  at  the  resonant  frequency  of  response  and 
the  speotrum  of^|>(,t)is  assumed  to  bo  relatively  wide  band.  At  points  on  the  wing  where  the  priparv 
oomponent  of  b(fc)  Is  &,(()  (this  probably  includes  most  points  on  the  lower  surface)  the  speotrum  of  f>(t)  will 
consist  of  a  narrow  hand  peak  (see  Pig  12b).  In  general,  however,  j>xlt)  and  will  both  contribute 
significantly  and  the  >hape  of  the  spectrum  of  £4) will  depend  critically  on  the  degree  of  correlation,  and 
the  phase-relationship,  between  these  two  components.  It  is  argued  in  Ref  6  that  the  power  spectrum  of  [>(t) 
could  in  principle  take  any  form  between  a  wide-hand  speotrum  with  a  superposed  narrow-band  peak  and  a 
wide-hand  spectrum  with  a  ’hole’  similar  to  that  in  ^  ,  Pig  5.  However,  the  latter  phenomenon  would 
require  almost  perfect  correlation  between  fc(fc)  and  x(fc)  and  between  |>aW  and  the  ’mot ion- dependent’  aero¬ 
dynamic  force,  and  it  is  doubtful  whether  the  spatial  correlation  of  fett)  is  ever  sufficiently  strong  for 
this  condition  to  be  realised  on  a  three-dimensional  wing.  * 

We  may  conclude  from  the  above  discussion  that  measured  pressure  fluctuations  on  a  structurally 
responding  wing,  as  in  flight  test',  are  difficult  to  interpret  on  a  quantitative  basis.  In  contrast,  by 
comparing  power  speotra  of  fluctuating  pressures  on  a  structurally-responding  wing  and  on  a  rigid  wing  with 
similar  geometry  in  a  wind-tunnel  experiment,  it  should  be  possible  to  obtain  a  relatively  direct  test  of 
the  appropriate  analytical  model  for  buffeting.  Whilst  the  interpretation  of  speotra  at  resonant  frequencies 
is  aubjeot  to  the  uncertainties  described  in  the  previous  paragraph,  the  conclusions  to  be  drown  by  comparing 
speotra  from  structurally-responding  and  rigid  wings  at  off-resonance  frequencies  are  relatively  straight¬ 
forward.  A  baaio  assumption  required  i.  most  practical  applications  of  the  forced  vibration  analytical  model 
of  buffeting  ia  that  the  statistical  properties  of  aerodynamic  excitation  are  independent  of  the  mean 
amplitude  of  motion.  This  result  implies  that  speotra  of  fluctuating  pressures  measured  on  structurally- 
responding  and  rigid  wings  should  be  identioal  except  in  the  immediate  neighbourhood  of  resonant  frequencies. 
If,  due  to  wing  motion,  the  speotra  are  modified  over  a  wide  frequency  band.-  hut  a  significant  amount  of 
energy  renains  at  off-resonance  frequencies,  the  foroed  vibration  hypothesis  may  still  be  valid  but  the 
otati8tioal  properties  of  excitation  cannot  be  deduced  from  rigid-model  tests  and  the  analytical  model 
loses  much  of  ita  practical  value.  If,  as  a  result  of  wing  motion,  a  negligible  amount  of  energy  remains 
in  the  pressure  fluctuation  spectra,  except  in  the  neighbourhood  of  the  resonant  frequency  and  its 
harmonics,  the  flow  field  on  the  structurally-responding  wing  has  become  essentially  deterministic  and  the 
concept  of  a  foroed  vibration  is  not  longer  appropriate. 

The  essential  characteristics  of  the  above  type  of  experiment  remain  unaltered  if,  instead  of  using  a 
structurally  responding  wing,  we  use  onswhich  is  externally'forced  to  oscillate  sinusoidally  at  the 
appropriate  frequency  and  amplitude.  As  diseussed  in  seotion  4,pres*ure  fluctuations  measured  at 
the  frequency  of  oscillation  may  differ  significantly  in  this  oase  from  those  on  the  structurally-responding 
wing.  However,  the  interpretation  of  the  effect  of  wing  motion  at,  frequencies  other  than  that  of  the 
foroed  oscillation  is  essentially  as  discussed  in  the  previous  paragraph. 

Whilst  experiments  of  the  above  general  type  have  been  previously  performed,  none  is  directly 
relevant  to  wing  buffeting  at  high  subsonic  speeds.  It  would  appear  that  some  basic  research  of  this  type 
is  neoessaiy  in  support  of  the  experimental  investigation  of  wings  at  high  lift  currently  being  planned  on 
the  basis  of  wind-tunnel  tests  of  relatively  rigid  models. 

7  THE  MEASUREMENT  OP  AERODYNAMIC  DAMPING 

In  order  to  cake  use  of  measured  pressure  fluctuations  on  a  ngid-w.ng,  as  described  in  section  6.1, 
in  a  dynamic  calculation  of  buffeting  intensity  it  is  necessary  to  estimate  the  aerodynamic  damping.  A 
general  review  of  experimental  techniques  for  this  purpose  is  given  in  Ref  11,  where  a  wide  variety  of 
methods  is  discussed  in  detail.  Here  we  indicate  the  novel  features  that  can  arise  through  the  existence 
of  random  pr@83ure  fluctuations  associated  with  regions  of  separated  flow.  Particular  attention  is  paid  to 
wing  flexible  response,  but  the  general  ideas  are  eqially  applicable  to  the  case  of  rigid-body  motions. 
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To  recapitulate ,  on  the  basis  of  tha  linear  forced  vibration  modal  for  buffeting,  it  is  assumed  that 
the  time- varying  forces  on  the  wing  nay  be  separated  into  two  components,  one  providing  stabilising  forces 
(particularly  damping)  linearly  dependent  on  the  motion,  and  the  other  providing  the  driving  mechanism. 

In  contrast  to  the  case  of  attached  flow,  motion-dependent  forces  such  a3  damping  must  be  measured 
statistically,  ideally  averaged  over  asny  cycles  of  wing  motion. 

Three  sain  types  of  damping  measurements  are  possible  in  the  present  contexts 

(a)  Those  which  are  based  on  analysis  of  the  natural  buffeting  response,  assumed  to  be  due  to  the 
fluctuating  force  component  xCt)  • 

(b)  Those  rhich  make  use  of  external  Influence  to  set  up  initial  conditions,  the  analysis  l*  'ng 
based  on  the  subsequent  transient  response. 

(c)  Those  which  make  use  of  a  continuously-applied  external  fluctuating  force. 

We  discuss  each  of  these  in  turn. 

(a)  (to  the  assumption  that  the  fluctuating  input  x(t)  is  not  only  unaffected  by  wing  motion  but  also  has 
a  flat  spectrum  in  the  neighbourhood  of  the  structural  response  frequency,  the  shape  of  the  power  snectrum 
of  wing  motion  Z.(fc),  or  alternatively  the  autocorrelation  function  of  Z  Cfc)  ,  may  be  used  to  estimate  the 
total  damping.  In  the  case  of  a  power  spectrum  measurement  the  damping  may,  in  principle,  be  determined 
from  the  bandwidth  of  the  spectrum  peak  between  tb®  half-amplitude  points,  and  in  the  case  of  the  auto¬ 
correlation  function  from  the  logarithmic  decrement  of  successive  peaks.  In  practice,  because  of  the 
smoothing  effect  of  the  'windows*  employed  in  spectral  analysis,  the  latter  method  generally  proves  more 
satisfactory.  Assuming  that  the  structural  damping  is  either  known  (say  from  ground-resonance  tests), or 
negligible,  we  can  thus  infer  the  magnitude  of  the  aerodynamic  damping  ratio  § 

(b)  Under  conditions  of  attached  flow,  a  standard  method  for  the  measurement  of  damping  ratio  involves 
perturbing  the  system  with  an  initial  transient  excitation  and  measuring  the  subsequent  rate  of  decay  of 
response.  For  instance,  in  flight  tests,  'bonkers-  at  the  wing  tip  are  sometimes  used  in  flutter 
investigations,  and  in  a  wind  tunnel, initial  perturbed  conditions  may  be  set  up  and  the  model  subsequently 
freed.  An  analogous  test  method  may  also  be  used  in  the  presence  of  separated  flow  provided  the  results  are 
analysed  appropriate!*  In  this  situation  the  transient  response  does  not  decay  to  zero  but  to  an  'equili¬ 
brium'  level  of  fluctuation  dependent  on  the  amplitude  of  excitation  Xbfc)  .  Indeed,  it  is  this 
residual  response  fluctuation  which  is  used  to  measure  damping  in  method  (a)  above.  The  method  under 
discussion  makes  use  of  response  amplitudes  raised  above  the  residual  fluctuation  level  by  the  externally 
imposed  initial  conditions.  This  increase  in  response  amplitude  will  lead  to  improved  accuracy  in  damping 
estimates  in  the  sense  that  the  amplitude  of  motion  can  be  measured  to  a  higher  percentage  accuracy.  How¬ 
ever,  the  choice  of  method  is  not  entirely  arbitrary,  and  depends  on  the  proposed  application  of  the 
damping  measurements.  Since,  particularly  under  separated  flow  conditions,  the  aerodynamic  damping  may  in 
fact  be  amplitude  dependent  (non-linear » ,  estimates  wf  »se  in  an  (approximate)  linear  model  should  be 
based  wherever  possible  on  measurements  at  the  response  amplitudes  of  interest.  If  it  is  desired  simply 

to  estimate  the  parameters  in  the  dynamic  model  of  buffeting  response  illustrated  in  Fig  3,  the  response 
level  of  interest  is  that  of  the  residual  fluctuation  after  any  transient  disturbance  has  decayed  and 
method  (a)  above  is  appropriate.  However,  if  it  is  desired  to  predict  the  response  of  the  system  in  the 
pxewwncw  of  external  disturbances  (such  as  atmospheric  turbulence),  or  to  investigate  possible  non-linear 
(amplitude  dependent)  effects,  or  if  t’ue  residual  fluctuation  level  is  so  low  that  accurate  amplitude 
measurements  cannot  be  made,  the  use  of  an  externally  imposed  initial  disturbance  is  called  for. 

The  evaluation  of  damping  ratio  from  the  decay  of  response  subsequent  to  prescribed  initial  conditions 
must  take  account  of  the  existence  of  the  Continuing  fluctuating  force  X.(t)  (here  assumed  to  be  of  non- 
negligibls  amplitude).  The  standard  method,  appropriate  in  the  attached-flow  situation,  of  taking  the 
log-decrement  of  successive  response  peaks,  leads  to  an  estimate  of  damping  biased  to  low  values,  as  , 
the  effect  ofX(t)is  to  reduce  the  average  rate  of  decay  of  successive  peak  amplitudes.  It  oan  be  shown  , 
however,  that  an  unbiased  damping  estimate  oan  be  based  not  on  two  peak  values  but  on  the  response 
amplitudes  at  two  sucoessive  instants,  the  first  of  which  oorrwsponds  to  a  peak  and  the  second  ooours  a 
time  later  equal  to  one  mean  period  (owing  to  the  disturbing  effect  of  x(t)the  time  interval  between  successive 
peaks  will  vary  in  a  random  manner).  Furthermore,  such  estimates  should  be  combined®  using  a  weighting 
factor  equal  to  the  square  of  the  initial  peak  similitude  (as  the  effect  of  x(t)  is  relatively  less  at  large 
amplitudes  of  response).  It  oan  also  be  shown  that  if,  as  a  special  case,  thic  technique  using  weighted 
estimates  is  applied  to  the  free  response  of  the  system  to  the  continuous  aerodynamic  excitation  Xlt),  the 
result  obtained  for  damping  ratio  ia  exactly  ths  same  as  the  autocorrelation  estimate  described  in  method  (a). 

(c)  A  third  approach  to  damping  measurement  makes  use  of  an  externally  applied  continuous  fluctuating 
force,  or  'test-signal'  u(.b)(see  Fig  6).  It  can  in  fact  be  subdivided  into  two  distinct  methods,  one  of 
which  makes  use  of  crosa-correlation  techniques  and  the  other  of  the  measured  rate  of  working  of  an  external 
force.  As  in  case  (b),  above,  it  is  relevant  that  the  aerodynamic  damping  in  the  presence  of  separated 
flow  may  be  amplitude  dependent,  and  so  the  test  signal  must  not  raise  the  average  response  level  above 
that  relevant  to  the  particular  application  for  which  a  damping  estimate  is  required.  If  the  required 
amplitude  is  that  corresponding  to  structural  response  to  the  aerodynamic  excitation  xlfc)  ,  we  have  the 
problem  that  the  test  signal  ult)  should  be  of  an  intensity  which  is  measureable  and  yet  small  enough  to 
leave  the  overall  amplitude  of  response  essentially  unaltered. 

Using  cross-correlation  techniques,  the  test  signal  u(.t)  should  be  a  random  function  with  bandwidth 
significantly  larger  than  that  of  the  buffeting  wing  motion.  The  aerodynamic  transfer  i „ notion,  and  in 
particular  tbo  aerodynamic  damping  ratio  at  the  structural  response  frequency,  may  then, in  principle,  be 
obtained  as  the  ratio  of  cross-spectra  2UJ/(JU1  (Fig  6).  This  method  has  the  disadvantage  that 
■easurecent  of  the  fluctuating  aerodynamic  force  ,y(t)  is  required,  involving  integration  of  measured 
pressures  over  the  wing,  and  to  the  author's  knowledge  has  not  yet  had  a  practical  test. 

A  simplsr  method  of  analysis  is  that  described  in  Ref  3.  This  makes  use  of  the  fact  that  the  total 
damping  in  the  closed-loop  is  related  to  the  average  rate  of  working  of  an  external  force.  Moreover,  this 
quantity  is  relatively  simple  to  evaluate  for  a  sinusoidal  forcing  function  at  the  undamped  natural  frequency 
of  the  wing.  It  is  shown  in  Ref  3  that,  uelng  the  terminology  of  equation  (l)  and  taking  time  averages! 

U.(fc)c(z./cAfc  =  uHt). 

Ref  3  describes  an  electromagnetic  shaker  system  whereby  m(fc)  is  determined  from  the  current  and 
u(.t)ol zlAt  from  the  power  consumed.  Thus  the  total  damping  §  msy  be  measured  and, assuming  that  the 
structural  damping  is  known  (eg  from  a  wind-off  wind-tunnel  teat), then  can  be  deduced. 
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Th®  above  method  is  not  the  only  one  possible  involving  external  excitationi  a  variety  of  sinilar 
techniques  are  described  in  Ref  11.  It  has  been  singled  out  for  attention  here  because  it  has  been 
practically  tested  with  apparent  success  in  the  context  of  unsteady  separated  flow. 

A  fundamental  difficulty  in  all  techniques  involving  tbs  application  of  externally  forced  excitation 
is  that  motion  must  take  place  in  the  mode  of  interest.  In  the  case  of  rigid-body  modes  there  may  be 
relatively  little  problem,  but  in  the  case  of  structural  response  in  a  flexible  mode  it  is  generally 
difficult  to  excite  motion  purely  in  a  particular  chosen  mode  -  a  fact  that  is  well  known  in  the  context 
of  aircraft  ground  resonance  testing. 

8  ittSFONSE  TO  TRANSIENT  BUFFET  EXCITATION 


We  end  this  outline  of  theoretical  methods  ff£  the  dynamic  analysis  of  buffeting  by  mentioning  that 
the  'forced  vibration'  model  (Fig  3)  has  been  used  as  a  basis  for  the  investigation  of  buffeting  reeponse 
occuring  during  a  transient  incursion  into  the  buffet  regime,  due  to  either  a  gust  or  a  manoeuvre.  Using 
the  theory  of  non-stationary  random  processes,  observed  lags  in  buffeting  build-up  and  decay  can  be  shown 
to  be  of  similar  size  to  the  predicted  delays  in  the  response  of  wing  structure.  These  delays  in  structural 
response  are  in  addition  to  lags  associated  with  unsteady  aerodynamics.  A  particular  application  discussed 
in  Ref  12  concerns  the  buffeting  induced  on  s  subsonic  -ansjort  aircraft  by  a  vertical  gust.  Such  an 
aircraft  often  cruises  quite  close  to  its  buffet  onset  boundary  and,in  severe  turbulence,  may  be  expected 
to  intermittently  penetrate  beyond  its  buffet  boundary  due  to  fluctuations  in  incidence. 


The  dynamic  analysis  of  this  situation  may  be  based  on  the  model  illustrated  in  Fig  3,  in  conjunction 
with  the  theory  3  for  the  transient  response  of  a  linear  system  excited  by  a  random  input.  Ibis  theory  may 
be  used  to  evaluate  chc  response  of  the  system,  in  statistical  terms,  when  an  input  signal  such  as  x(_b) 
(Fig  3)  is  either  suddenly  switched  on,  or  grows  smoothly  from  zero  amplitude  in  some  prescribed  manner. 


For  instance,  euppose  that  x(.k)  ,  equation  (l),  takes  the  form 

where  Nit)  is  'white  noise'  of  uniform  spectral  density  (per  rad  sec-1)  and  «lt)  is  a  prescribed 
function,  related  to  the  incidence  penetration  beyond  buffet  onset. satisfying 

0,t<0.  2. 

Then  it  can  be  shown  that  the  equation  for  the  (ensemble)  mean  square  response  <7^  at  time  C  is  given 

where  k(t)  is  the  response  of  the  system  to  a  unit  impulse.  Practical  applications  of  this  result  are 
described  in  Ref  .2,  and  include,  for  instance,  the  effect  of  the  length  of  a  gust  on  the  alleviation  wf 
maximum  buffeting  response. 


9  FLIGHT  TESTS  TO  INVESTIGATE  BUFFETING 


During  1971  flight  tests  on  wing  buffeting  and  handling  characteristics  of  a  small  combat  trainer 
aircraft  during  high  'g'  manoeuvres  have  been  carried  out  at  the  Royal  Aircraft  Establishment,  Bedford.  The 
general  objective  of  this  flight  progranme,  which  it  is  intended  to  continue  in  1972,  has  been  a  clarifica¬ 
tion  of  the  handling  limitations,  aosociated  with  wing  flow  separations,  particularly  in  the  range  M.0.7  to 
0.9.  Whilst  the  emphasis  in  the  quantitative  results  obtained  so  far  has  been  on  wing  structural  buffeting, 
particularly  in  the  first  symmetrical  bending  mode,  it  has  become  increasingly  apparent  that  the  primary 
limitation  on  the  performance  cf  this  aircraft  at  high  'g'  levels  is  the  degradation  in  handling  qualities 
associated  with  wing-rocking  (see  section  l).  The  aircraft,  whichhasa  7/£  thick  swept  wing,  carries  on-ooard 
recording  equipment  for  pressure  altitude,  airspeed,  normal  acceleration,  wing  incidence  (obtained  using  a 
nose  probe)  and  aileron  angle.  Telemetry  is  employed  to  obtain  ground-based  records  of  fluctuating  wing-tip 
and  cockpit  acceleration,  and  fluctuating  pressures  at  three  points  on  the  wing  upper  surface  and  one  on  tho 
lower.  Quasi-steady  buffeting  conditions  have  been  obtained  for  periods  of  approximately  10  seo  during 
diving  turns  in  which  Mach  number  and  normal  acceleration  are  held  approximately  constant.  A  typical  measured 
power  spectrum  of  the  fluctuating  output  of  a  wing-tip  accelerometer  is  illustrated  in  Fig  7,  A  variety  of 
modes,  indicated  by  spikes  in  the  spectrum,  are  present,  the  one  of  lowest  frequency  corresponding  to  symmetric 
wing  bending.  The  response  in  this  mode  appears  to  play  a  significant  role  in  the  pilot's  perception  of 
buffeting,  and  was  selected  to  provide  a  measure  of  buffeting  intensity  for  quantitative  analysis.  For  this 
purpose  the  output  from  the  wing-tip  accelerometer  was  filtered  so  as  to  remove  most  of  tho  contribution  from 
other  modes.  Fig  0  is  typical  of  results  obtained  in  this  manner.  Buffeting  intensity,  as  measured  by  the 
root-maan-8quare  intensity  of  the  filtered  signal,  steadily  increases  as  normal  force  coefficient  is  increased 
above  a  level  corresponding  to  'buffet  onset'. 

A  typical  sequence  of  events,  as  wing  incidenoo  is  increased,  is  for  a  local  region  of  separated  flow 
first  to  appear  over  a  small  region  of  the  wing  in  the  vicinity  of  the  tip.  The  fluctuations  associated 
with  such  a  separation  are  of  relatively  high  frequency  and  excite  only  high  order  structural  modes.  As 
incidence  is  further  increased  the  area  of  separated  flow  grows  and  the  structural  response  extends  to 
lower  frequsnoies.  (The  relationship  between  the  spatial  extent  of  a  sepa^jjtion  bubble  and  the 
associated  frequencies  of  fluctuation  has  recently  been  discussed  by  Vabey  ).  Only  when  the  separated 
flow  covers  a  considerable  area  does  the  first  wing-bending  mode  become  eignificnr.tly  excited  and  it  is 
at  this  point  that  a  pilot  appear*  to  first  become  aware  of  structural  '-uffeting.  It  was  established  that 
pilot  perception  of  buffet  onset  corresponded  approximately  to  an  rms  output  of  tr -0.75F  ft"0111  the  filtered 
wing-tip  accelerometer  (Fig  8).  This  quantitative  value  was  subsequently  used  to  identify  the  buffet- 
onset  boundary,  Fig  9*  7'’<i  general  trend  of  this  boundary  is  consistent  with  results  obtained  using 

wind-tunnel  models,  the  upturn  at  (^>0.85  being  associated  with  the  change  from  a  leading-edge  bubble-type 
aeoaration  to  an  outboard  shock-induced  separation  at  the  higher  Mach  numbers. 

The  opportunity  has  been  taken  to  measure  the  damping  of  the  first  wing-bending  mode  during  buffeting. 

On  the  assumption  of  the  forced  vibration  model  for  buffeting,  involving  wiile-band  excitation,  the  damping  may 
be  obtained  from  the  autocorrelation  function  of  the  wing-tip  accelerometer  signal.  Typical  results  are 
illustrated  in  Figs  10  and  11.  Ac  the  interpretation  of  the  auto-correlation  function  in  terms  of  damping  is 
subject  to  the  theoretical  model  assumed,  we  have  called  §  the  'apparent  damping'.  Values  of  £  before 
buffet  onset  are  obtained  from  dynamic  tests  using  excitation  by  small  tip  rockets  (bonkers)  or  flights 
through  turbulence.  It  can  be  seen  from  Fig  10  that  f  increases  markedly  as  the  buffet  onset  level  is 
approached,  and  subsequently  decreases  again.  This  result  indicates  that  practical  problems  occur  as  to  the 
choice  of  damping  values  to  be  employed  if  calculations  covering  the  whole  range  of  buffeting  intensities  are 
to  be  made  on  the  basis  of  a  forced  vibration  theoretical  model.  The  variation  of  £  with  altitude  illustrated 
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in  Pig  11,  corresponding  to  a  fairer  hi£;  level  of  buffeting  intensity  et  K-0.33,  is  compatible  vith  tee 
theoretical  result,  equation  (3),  In  addition,  the  associated  ressured  values  of  root-aeaa-equare 
buffeting  intensity  at  this  JEach  caber  are  compatible  with  equation  (4). 

Sample  results  froo  assured  pressure  fluctuations  are  presented  in  Pigs  12  and  13.  Pig  12  illustrates 
power  spectra  of  typical  upper  and  lover  surface ‘aeasuresents,  the  former  being  influenced  by  both 
excitation  and  damping  fields  and  the  latter  pradosinantly  by  damping  (see  discussion  in  section  6.2). 

Pig  13  illustrates  the  variation  with  C„  of  the  intensity  of  pressure  fluctuations  at  two  stations  on  the 
upper  surface.  It  should  be  noted  that0 the  outboard  transducer  shows  a  higher  level  of  fluctuation  around 
buffet  onset,  rises  to  a  maximaa  value, and  subsequently  decreases  again  when  the  separated  flow  is  well 
established. 

It  is  planned  to  reke  detailed  investigations  of  the  wi.vg-rocking  motion  of  the  aircraft  during  1972. 
The  aircraft  has  been  fitted  with  aiditional  instrumentation  to  record  roll-rate,  yaw-rate  and  lateral 
acceleration.  It  should  thus  be  possible  to  define  the  notion  in  detail  by  means  of  model-catching 
techniques.  In  addition  it  is  intended  to  reassure  aerodynamic  derivatives  within  the  range  of  lift 
coefficients  beyond  buffet  onset  but  prior  to  wing- rocking,  lbs  objective  is  to  investigate  the  properties 
of  the  Dutch  Roll  mode  to  see  if  any  significant  trends  occur  as  the  wing-rocking  condition  is  approached. 

It  is  already  apparent  from  pilot  consents  that  there  is  a  marked,  increase  in  Ditch  Roil  damping  as  the 
aircraft  penetrates  beyond  buffet  onset.  This  part  of  the  programme  is  being  backed-up  by  theoretical 
stability  studies  incorporating  estimates  of  aerodynamic  derivatives  at  high  lift  obtained  from  wind-trenel 
data. 
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Pig  2  Models  of  dynamics 


b)  Structurally  responding 


Pig  4  External ly-fo reed  and  structurally- 
reaponding  wing 
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Pig  3  Block  diagram  for  structural  buffeting 


Pig  5  Power  spectra  of  aerodynamic  forces  on 
externally-forced  and  structurally-responding  wing 


Pig  6  Use  of  test  signal  in  damping  ihsasurement 


Pig  7  Power  Spectrum  of  normal  acceleration 
at  wing  tip 
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Pig  11  Measured  variation  with  altitude 
of  apparent  damping  ratio 
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SESOEAST 


The  ecgfiasis  cf  tbe  presecfi  stories  was  pfeggd  cn  tbe  fcrgh  sghsggic  axd  trazsocnr:  characteristics 
of  fighter  aircraft  aari  tbs  factors  affaesfog  aerodpnaiafc  bocrsfertes,  sceh  as  r-^r»~r— !  c&tarszbfe  Eft, 
bcfM  ccsei,  pitchers,  rwfsg  rock.”  2nd  "nnse  slice."  IcreesigatiatES  were  made  csirg  a  general  research 
cocSgsraacEi  wMch  enssEpassed  a  systematic  r-atrix  csf  wing  design  parairetors.  These  resafes 
erngfrasized  tbs  sessitirity  to  section  and  plarfbrm  geometry  at  tbs  selected  design  pairs.  Tbs  ircasrpo- 
r2tioa  of  variable-wing-geometry  devices  in  tbs  form  cf  les*fii -g-edge  slats  or  flags  was  ^barso  in  a 
rsgcrfoer  of  flight  ard  wiod-torsal  stories  to  pr ‘grids  ccnfrolLsd  flow  over  2  wide  range  c£  fBgfcg  coofitiocs 
2nd  snbstzrtial  jgarprezaecis  in  manenrer  czpaMiitifcS.  Adafesczl  strxP.es  inScatd  feat,  tbs  bleeding 
of  a  highly  swept  manscrer  strake  with  an  efficient  moderately  swertt  wieg  offers  a  premising  acmsch 
for  imprerieg  ma rearer  characteristics  at  high  angles  d  attack  witbjto  excessive  penalties  in  stroctcral 
adght. 


NOTATION 


AR 

a spect  ratio,  b^/s 

EXP. 

exnerimesd2i  results 

b 

wing  span 

lX 

rolling  moment  of  inertiz 

V- 

ving  chciu 

*z 

yawing  momeii  oi  inertia 

cD 

drag  coefficient 

L.E. 

leading  edge 

acd 

change  in  drag  coefficient 

M 

Mach  number 

CL 

lift  coefficient 

S 

wing  reference  area 

Clbuf 

lift  coefficient  for  buffet  onset 

t/c 

thickness-chord  ratio 

Clmax 

maximum  usable  lift  coefficient 

T.E. 

trailing  edge 

acl 

change  in  ift  coefficient 

WSG 

wing  strain  gage 

AClqjjp  change  in  buffet-onset  lift  coefficient 

W.T. 

wind  tunnel 

Cl 

rolling-moment  coefficient 

a 

angle  of  attack 

% 

rolling  moment  due  to  sideslip 

P 

angle  of  sideslip 

Cn 

yawing-moment  coefficient 

6F 

trailing-edge  flap  deflection 

cnp 

yawing  moment  due  to  sideslip 

6le 

leading- edge  flap  deflection 

CnPDYN 

dynamic  directional-stability 
parameter, 

6s 

leading-edge  slat  deflection 

‘\/A 

wing  quarter-chord  sweep 

3Cn 

sin  a 

dp  lx  dp 

aLE 

wing  leading-edge  sweep 

1.  INTRODUCTION 

The  maneuver  and  performance  capability  of  aircraft  engaged  in  air-to-air  combat  is  often 
limited  by  flow  separation  which  can  be  manifested  in  a  variety  of  adverse  factors  such  as  buffeting, 
increases  in  drag,  and  losses  in  lift  and  stability.  Figure  1  illustrates  the  impact  that  these  limiting 
factors  could  have  on  the  maneuver  characteristics  of  a  fighter  aircraft.  This  presentation  illustrates 
the  sensitivity  of  turn  rate  to  typical  aircraft  boundaries  at  subsonic,  l-ansonic,  and  supersonic  speeds. 
The  fighter  configuration  selected  for  this  illustration  represents  a  moderately  swept,  thin-wmg 
* 
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asoaS  w£2j  x  scgasaansr  gagafcfiSiy  of  aftcnfl  Mairib  2-  Ifia  bamsfxzies  stora;  JEharsate  tto  eehhhcnaSt^p 
bffiuaaai  t&a-  gnEBantna  ES  cngn£t£gj  cff  ete  rnnf!,  C3*  aarufaaraJ!  and  EtauSt  Pfarrft-*.  and  fite  acearfy  farm 
toimrfiray.  Tlte  afimfed  arum  aftosa  so  fan  &ri$2>  aiifcrenSr  sanjjs  rayrasancs  x  at^sm  tan  wfinr&  Sht  eamsEiar 
cgga£e£ty  cff  tie-  anarrafl  £s  nrgnaggd  xs  x  pssssSi  <s£  fcnffotrrn;  and  dkgyarfhflfnms  fa  ptrffamaaira-  and 
aflaftnPjfiy. 


Y5 a  gmssfai  Snad  toward  dtaapfag  cmt  aSmaff-t  to  mrccmpSs^ii  a:  variasy  cff  cm±r  vaSt 

mriVoi-ffii1  a»rHi  a»Ttrr*'nf»  Tlvn-'U;  gfl  pETtansSErST  fa  Wi-*<  Rrvrfy  «r>fWtn'rr’»r 

and  tsanaaarar  zxxg*.  a  wSI  be  acted  tea  EfcK!  tbe  ntgara  mamsrrer  eayafaKEy  off  Efas  mfarrmSi  is 
jreHratcai  &gr  msnrdimcErfar  esmtocferaEscms  beSsre  raarftrgg  Efb*-  tfarfa s  dfatmtod  by  a-rarkab&t-  Efarms:  and 
sErmregres.  Tbere  is  a  pscanGfal,  E&arafariE-,  to  axtfaswe  sagsScErg  facraa^s  fa  tbe  gamssner  cfcaractor- 
faafas  of  tbss  aad  1=227  other  armnraS  through  assutfjmfarsr  rrmro'rerreugs. 


rfag  tafliaregi  fa  Eh?  fagfe  asbsnfar  trnnrsicnr  jaedad  arena,  a  aamadararte 
aascfa  cff  research  has  been  directed  Esward  irrgcOTenaecft  c ff  ff.gfrCer  srarffcrerafal&T  sa  tfas  sye«d  ramge. 
Tb?  gcrpo®?  off  tbas  panes-  is  to  ravfaw  ssca?  off  these  research  efffarts,  with  ercgthr^.s  ons  factors  w_ich 
sSsct  the  asrodraasac  Eacwsarfatrles  ttfagsgratc** »«■  1  ^d  cm  gfefah  bare-  been  3mrrd  to 

broaden  and  increase  the  fagfc-sriasscic  operating  csnrfaifflr- 


2.  TYPES  OF  WSCG  AIHFL0S* 
2-1  Sal!  SaearstHD 


Bsbre  dzsccssfag  the  deaeatiecc*  off  the  aerodynamic  bocndaries  on  sseciSc  itesign  variables,  let 
es  enr?~\ire  briefly  Eh?  aerodynamic  behavior  off  a  fighter  cceSgaratioa  ia  the  environment  off  several 
cifferecfi  airfter  ccotffiioas  over  the  wing.  Figure  2  ilfastrates  tfce  variation  off  lift  with  angle  off  attack 
lor  a  varfable-sweep  corffjgarafcikio  at  a  high  saascmc  ISach  rammer  with  tfce  wings  in  a  lew- sweep  p&si- 
tion  2nd  in  a  highly  sweet  position.  A  variable-sweep  ccnSguaticn  was  selected  for  this  discussion 
since  it  ilfastrates  several  classic  types  off  wing  Cow  behavior. 

The  low-sweep  results  (solid  line)  are  characterized  by  a  rather  high  lift -carve  slope  and  an 
almost  linear  variation  of  lift  in  the  low  to  moderate  attitnde  range.  In  this  region  of  attached  Cow. 
aircraft  usually  exhibit  relatively  low  drag,  good  stability  characteristics.  2nd  in  general,  a  high  degree 
of  aerodynamic  efficiency.  However,  for  this  class  of  conventional,  moderately  swept  wings,  the  linear 
variation  is  inevitably  folic  v  ea  by  an  abnmt  redaction  in  lift  which  is  normally  accompanied  by  large 
increases  in  drag,  rapid  increases  in  buffet  intensity,  2nd  losses  in  stability.  Even  though  the  lift  is 
increasing  at  the  higher  angles  of  attack,  this  type  of  leading-edge  separation  generally  produces  sach 
a  profound  degradation  in  aerodynamics  that  the  aircraft’s  maneuver  capability  is  restricted  to  armies 
of  attack  below  the  stall. 

2.2  Early  Leading-Edge  Separation 


Unlike  the  low-sweep  case,  the  highly  swept  configuration  exhibits  a  relatively  low  lift-curve  slope 
at  low  angles  of  attack  with  gradual  increase-  in  the  lift-curve  slope  throughout  the  a  range.  This 
supersonic  sweep  condition  naturally  is  not  optimum  for  subsonic  performance,  but  the  example  illus¬ 
trates  that  the  leading-edge  separation  occurs  early  on  highly  swept  wings  and  produces  a  highly  stable 
spiral  vortex  system  with  flow  reattachment  and  large  vortex-lift  increments.  This  type  of  behavior 
usually  produces  an  early  onset  of  buffet  corresponding  to  the  occurrence  of  leading-edge  separation, 
with  a  very  gradual  progression  in  the  buffet  intensity.  There  is  also  an  absence  of  other  abrupt  diver¬ 
gences  such  as  those  associated  with  a  stall  separation.  It  is  interesting  to  note  that  for  the  vortex-flow 
case,  buffet  onset  accompanies  an  increase  in  lift  slope  rather  than  a  decrease.  This  phenomenon  must 
be  kept  in  mind  when  attempting  to  use  lift  inflections  to  predict  buffet  onset.  The  remainder  of  tins 
presentation  will  be  concerned  primarily  with  factors  which  affect  the  rang"  of  linear  aerodynamics  and 
secondly  with  techniques  which  might  be  utilized  to  stabilize  flow  separation  at  angles  of  attack  exceeding 
the  point  of  initial  separation. 

3.  SENSITIVITY  OF  BUFFET  TO  WING  GEOMETRY 
3.1  Planform  and  Airfoil  Characteristics 


The  NASA  has  recently  completed  an  extensive  wind-tunnel  study  to  assess  the  sensitivity  of  buffet 
onset  and  other  aerodynamic  boundaries  to  wing  planform  and  section  design.  Figure  3  represents  a 
brief  summary  of  some  of  (he  results.  The  basic  configuration,  as  shown  at  the  top  of  figure  3(a),  featured 
an  untwisted  63A  wing  with  aspect  ratio  of  6,  thickness  ratio  of  8  percent,  and  quarter-chord  sweep  of  35°. 

The  only  parameter  selected  for  this  summary  is  the  lift  coefficient  for  buffet  onset.  The  studies 
have  indicated,  however,  t..at  for  this  particular  matrix  the  wings  displaying  the  highest  buffet-free  lift 
coefficients  generally  exhibited  superior  aerodynamic  efficiency  characteristics.  The  onset  points  were 
determined  primarily  by  the  wing  bending  gage  method.1  The  results  indicate  the  variations  of  buffet- 
onset  lift  coefficient  with  systematic  wing  changes  in  the  design  lift  coefficient,  twist,  aspect  ratio, 
thickness-chord  ratio,  airfoil  section,  and  quarter-chord  sweep  angle. 
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4.  MAJvEUVEH  DEVICES 


4.i  »,t? flayer  Stets  ana  Fteps 

Use  nse  of  wiig  nanearer  ck rices  b2s  bees  stmsed  on  a  sizable  amber  of  scaled  wiad-taanel 
models  ol  cur  res*  fighter  aircraft.  Sere-a!  comparisoos  have  bees  zszde  between  wiad-tminal  resatts 
obtained  from  conventional  sting-moncted  models  and  flight  resalts,  with  particular  emphasis  upon 
buffet  and  maneuver  characteristics.  In  most  cases.  »he  inferpretive  and  test  t«±nxqces  which  bare 
been  developed  have  led  to  good  correlations  between  wind-tunnel  and  flight  characteristics. 


One  of  the  most  extensive  studies  of  tins  type  was  conducted  JoL  .y  by  the  X.4S4  Langley  Research 
Center  and  the  McDonnell  Aircraft  Company  in  a  program  directed  toward  improving  the  high-subsonic 
maneuverability  of  the  F-4  aircraft.^  A  brief  summary  of  some  of  the  findings  from  this  study  is  shown  in 


figure  4  The  sketch  of  tne  aircraft  indicates  that  the  maneuver  devices  consisted  of  leading- edge  slats 
on  the  mid  and  outboard  portions  of  the  wing  and  the  existing  inboard  t railing-edge  flap  system.  Hus 


configuration  represents  only  one  of  a  large  number  that  were  studied  in  the  wind  tunnel.  The  selection 
was  made  from  wind-tunnel  results  which  indicated  that  thi*  particular  arrangement  would  provide 


significant  improvements  in  buffet  onset,  drag,  and  lift  characteristics  without  seriously  compromising 
the  longitudinal  handling  qualities  at  high  subsonic  speeds. 


The  results  shown  in  figure  4  represent  wind-tunnel  and  flight  buffet-onset  lift  coefficients  as  a 
function  of  Mach  number.  Again  the  primary  source  of  buffet  information  was  the  outputs  of  wing  bend¬ 
ing  gages  The  curves  represent  wind-tunnel  iesults  and  the  symbols  represent  buffet-onset  points 
determined  in  flight.  Flight  results  were  obtained  over  a  wider  range  of  Mach  numbers;^  however,  the 
Mach  0.90  results  illustrate  the  degree  of  agreement  between  the  trends  determined  in  the  wind  tunnel 
and  in  flight. 


A  comparison  of  the  results  for  the  basic  configuration  and  the  configuration  with  wing  slats 
indicates  that  the  slats  provided  a  very  substantial  improvement  in  the  buffet-onset  lift  coefficients 
throughout  the  Mach  number  range  Additional  improvements  were  derived  by  deflecting  the  trai  ling- 
edge  flap  system.  Only  buffet  characteristics  are  shown  here;  however,  the  flight  evaluations  indicated 
an  overall  improvement  in  the  maneuver  capability  due  to  significant  increases  in  both  the  lift-limited 
and  thrust- limited  turning  performance.  Excess-thrust  characteristics  vere  enhanced  and  there  was 
an  apparent  reduction  in  the  buffet  intensity  at  high  angles  of  attack. 


4.2  Lateral- Directional  Characteristics  With  Maneuver  Slats 

The  subject  of  lateral  and  directional  stability  has  not  been  addressed  directly  in  the  preceding 
discussions.  It  has  been  fou-d,  however,  that  the  tracking  performance  and  overall  maneuver  capability 
of  current  fighter  configurations  is  often  impaired  and  restricted  by  undesirable  lateral-directional 
characteristics  such  as  "wing  rock"  and  "ncse  slice."  In  many  cases,  divergences  such  as  these  have 
been  shown  to  be  associated  with  loss  of  lift  on  the  outboard  part  of  the  wing,  which  results  in  a  degrada¬ 
tion  of  the  effective-dihedral  characteristics.^  A  major  portion  of  the  F-4  studies  was  directed  toward 
a  determination  of  the  effects  of  wing  maneuver  devices  on  the  lateral  anu  directional  characteristics. 
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Flgnre  6  presents  Itoch  G_SO  resalts  aridch  -sere  cfccatoec  for  toe  base  gind-tcnel  mcdel  and  toe 
basic  code!  with  toe  additica  of  toe  ca nearer  slats  and  of  Krneger  df*  ues.  Tfee  Sian  corerz^e  of  toe 
too  types  of  Bing  derlces  rsas  almost  jdensica!.  Lift  and  drag  characteristics  are  snccra  for  toe  three 
different  conSgaratioGS.  It  caa  be  seen  that  there  is  a  definite  ieproresnent  in  iitt  a  the  Wga  angles  of 
attack  B±ea  toe  Krcegers  are  employed-  The  belfet -onset  lift  coefficient  for  the  Krtieger  cocfigaration 
approached  tot  raise  predicted  for  the  slatted  configuration,  sfeich  indicates  that  significant  impr-re- 
mests  coo!d  be  achieved  by  utilizing  Kraeger  flans.  The  incorporation  of  toe  Krueger  devices  also  leads 
to  large  redactions  in  toe  high -lift  drag  levels.  Although  toe  improvements  indicated  oito  toe  Kruegers 
«ere  not  as  profound  2s  those  sith  toe  slats,  these  simple  devices  were  shewn  to  provide  very  beneficial 
effects  on  toe  static  lateral-directional  trends  as  well  as  on  the  lift  and  drag  charactenstics. 

5.  VORTEX-LIFT  MANEUVER  STfo»iv£S 

5.1  Effect  of  St  rake  cn  Lift  and  Drag  Characteristics 


The  preceding  discussions  have  beer,  concerned  with  various  methods  which  have  been  demonstrated 
to  be  effective  in  postponing  the  stall  to  higher  angles  of  attack.  Another  promising  approach  which 
appears  to  be  effective  in  allowing  maneuvers  well  beyond  the  normal  aerodynamic  ooundanes  of  fighter 
aircraft  with  a  low  weight  increment  is  the  use  of  a  highly  swept  maneuver  strake  that  blends  with  a 
moderately  swept  ruiin  wing  planform.  The  strake  provides  vortex  lift  to  high  angles  of  attack  and 
stabilizes  the  flow  on  tne  main  wing  panel. 

A  sketch  of  a  general  research  model  with  a  maneuver  strake  is  shown  in  figure  7.  Experimental 
and  theoretical  lift  and  drag  results  e  presented  to  illustrate  the  aerodynamic  characteristics  of  the 
model  with  and  without  the  strake.  The  results  in  the  upper  portion  of  the  figure  indicate  the  variations 
of  lift  coefficient  with  angle  of  attack.  The  experimental  lift  results  for  the  strake-off  configuration 
(circular  symbol)  indicate  a  pronounced  reduction  in  the  lift-curve  slope  at  the  high  angles  of  attack. 

The  experimental  lift  results  for  the  strake-on  model  (square  symbol)  show  a  nonlinear  variation  in  lift 
with  a  gradual  increase  in  the  lift-curve  slope.  A  comparison  of  the  experimental  results  indicates  the 
large  increase  in  lift  provided  by  the  strake  at  the  high  angles  of  attack.  The  dashed  curves  indicate 
theoretical  estimates  of  the  lift  characteristics  for  the  model  with  the  strake  on.  The  short-dash  curve 
represents  the  potential-flow  estimates®  and  the  long-dash  curve  illustrates  the  nonpotential-flow 
estimates"7  based  on  the  assumption  that  a  vortex  system  develops  on  the  strake.  The  difference  between 
the  two  theoretical  lift  curves  then  represents  an  estimate  of  the  vortex  increment  which  would  be  pro¬ 
vided  by  the  strake.  ft  will  be  noted  by  comparing  the  experimental  with  the  theoretical  strake-on 
results  that  the  experimental  curve  falls  slightly  below  the  nonpotcntial-flow  (or  vortex)  estimate  but 
is  considerably  higher  than  the  potential-flow  estimate.  This  suggests  that  even  though  the  full 
nonpotcntial-flow  values  are  not  itached  because  of  stall  of  the  outer  wing  panel,  a  substantial  vortex- 
lift  effect  is  produced  by  the  strake. 

The  drag  results  shown  in  the  lover  portion  of  the  figure  indicate  that  at  the  low  lifts  the  addition 
of  the  stroke  produces  slightly  higher  drag  values.  At  a  lift  coefficient  of  about  0.5.  leading-edge  thrust 
is  completely  lost  on  the  basic  wing,  resulting  in  a  rapid  progression  in  the  drag  rise.  Because  of  the 
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Tsise  flow  sysEea  Is  gensraEed  on  Efi®  basic  plarfann  by  Efi®  sErabe.  Tfi®  Eccal-lia  ctsrres  InuScaEe  Efiai 
aE  Bow  angles  off  aEEaca  £fi®  sErab®  reduces  in®  lift  only  sligfiElr  and  taairtairts  a  relaElreiy  Ezlgb  Mi-carre 
slope.  CaHfee  tee  fefgfely  sweat  phaforaa  fecessed  earlier  la  Efi®  paper  (fig.  2).  there  :s  2  rortei  system 
00  the  wring,  fed  becanse  cf  Eh®  soderaielj  S3arepE  oner  panel  tfi®  efficiency  of  the  IrtegraSed  srake-wing 
aKrblnafsoa  remains  reiatire-Jy  Isigb.  Il  will  be  nosed  that,  as  la  the  case  of  feigfeJy  swept  wings,  there 
was  2a  lanicaEicc  of  2  mild  onset  of  faeffei  at  2  relalirely  tow  angle  of  at  ari.  The  iscreaenal-iifi 
resalts  at  4°  angle  of  attack  Indicate  tint  because  of  the  sjaswise  flow  oesawior  oa  the  gala  wing,  tse 
small  adrerse  lilt  increment  iadneed  oa  tise  wing  Is  sligfialy  larger  tisa  the  direct  irfi  conEribntica  of  the 
strake.  The  tnft  sketches  sh-jw  that  2t  the  higher  angles  of  attack  the  airflow  over  the  basic  wing  panel 
with  the  sirake  off  Is  almost  completely  separated-  This  is  reflected  in  the  drastic  re-tract ioc:  in  the 
lift -curve  slope  of  the  basic  configuratior. .  The  sketch  of  the  st  raked  wing  indicates  an  erfensive  span- 
wise  flew  system  .  icn  apparently  confines  the  separated  area  to  small  portions  of  the  wing  tip.  It  was 
observed  from  the  visual  studies  that  as  the  angle  of  attack  is  increased  the  span  wise  flow  system  moves 
progressively  outboard  2nd  reduces  the  area  of  separation.  The  progression  of  the  vortex  system  is 
reflected  in  the  constant  increase  in  the  lift  of  the  straked-wing  configuration.  It  can  be  seen  from  the 
incremental-lift  curves  that  at  the  high  angles  of  attack  there  is  a  profound  inci  .ase  in  the  favorable 
lift  induced  on  the  wing.  At  an  angle  of  attack  of  about  20°.  the  lift  induced  on  the  wing  is  equivalent  to 
the  direct  lift  of  the  strake. 

With  regard  to  the  buffet  characteristics  at  high  angles  of  attack,  there  vras  a  pronounced  absence 
of  increase  in  the  apparent  buffet  intensity  of  the  straked  configuration.  The  basic  configuration,  however, 
exhibited  a  relatively  high  buffet-onset  lift  coefficient  which  was  followed  by  a  progressive  rise  in  the 
apparent  intensity  characteristics. 

5.3  Effect  of  Wing  Efficiency  on  Strake  Contribution 

The  design  lift  coefficient  of  the  basic  wing  panel  utilized  in  this  phase  of  the  straked-wing  investi¬ 
gation  was  zero.  Studies  were  made  with  cambered  wings  and  with  wings  incorporating  leading-edge 
flaps  to  determine  the  effectiveness  of  the  strake  in  combination  with  a  more  efficient  wing.  Some  of  the 
results  from  these  studies  are  presented  in  figure  9.  The  sketch  at  the  top  of  the  figure  depicts  the 
model  with  the  maneuver  strake  and  a  symmetrical  wing  with  segmented  leading-edge  flaps.  These 
leading-edge  devices  were  made  up  of  a  constant-chord  flap  and  wnen  deflected  they  in  effect  twisted  and 
cambered  tne  wing,  thereby  increasing  the  high-lift  efficiency  of  ihe  basic  planform.  The  flap  deflections 
which  were  used  to  obtain  the  results  shown  in  this  comparison  a  e  indicated  in  the  model  sketch.  The 
deflection  angles  were,  from  the  outboard  segment  inward.  20°,  lu°.  12°.  and  8°.  These  deflections  do 
not  necessarily  represent  an  optimum  condition:  however,  this  arrangement  provided  the  most  promising 
results  of  the  several  combinations  which  were  studied.  The  data  which  are  shown  represent  the  incre¬ 
ments  in  lift  and  drag  due  to  the  addition  of  the  strake.  The  strake  effects  are  shown  by  the  solid  curves 
for  the  plain  wing  and  by  the  dashed  curves  for  the  flapped  wing. 

It  will  be  noted  from  these  results  that  when  the  flaps  are  deflected  the  favorable  lift  increment  due 
to  the  strake  is  significantly  reduced.  This  reduction  in  lift  is  directly  reflected  in  a  reduction  in  the 
favorable  drag  benefits  due  to  the  strake.  As  might  be  expected,  the  camber  and  flap  studies  have  indi¬ 
cated  that  as  the  wing  design  is  improved  to  delay  separation  on  the  main  wing  panel,  the  beneficial 
effects  of  the  strake  are  delayed  to  increasingly  higher  angles  of  attack.  The  drag  results  also  point  out 
that  at  the  lower  angles  of  attack  there  are  small  penalties  associated  with  the  addition  of  the  strake.  It 
is  believed,  however,  that  proper  cambering  and  twisting  of  the  integrated  strake-wing  combination  can 
alleviate  the  low-lift  penalties  while  maintaining  the  strake  benefits  of  stabilized  flow  and  improved 
buffet  and  maneuver  characteristics  at  higher  angles  of  attack. 
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S.  OOKJCLESGOS 

Ybt  series  of  sadses  has  illisgaraggd  the  senstniSy  o f  senators  and  phEntorm  geometry  to  (the  selected 
dreiga  point.  A  gcrr&i er  eff  ISigSfi  23d  wind-arniel  snathes  hare  ^tonra  r.ftt  TEriabte-wirg-gaEni *£27  devices 
ia  the  fora  of  jfradrnj-edgg  sMs  sari  St^as  cani  praraide  cocflmoIBed  ftor  ©rer  2  add*  range  of  fHgr£  ©ercS- 
ttonns  23d  srSesaafttal  mgaarogaegfis  ia  maneCTer  rapahm  litres.  The  iangposaSaia  cf  2  highly  swept  gaaea- 
rer  graSa-  with  2a  efficient  moderately  sst^fi  wring  appears  to  offer  a  promising  approach  for  imprcred 
raanemer  c£a  rac£  eri  stirs  at  high  angles  of  attach  tor  2  tor  cost  ia  strortaral  weight . 
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BASIC  MODEL 


63A008,  A_/4«35°,  AR-6 


(a)  M  =  0.50. 

Figure  3.-  Effect  of  wing  geometry  on  buffet  characteristics. 


(b)  M  =  0,85. 
Figure  3.-  Concluded. 
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FAVORABLE 

DIRECTION 


Figure  6.-  Effect  of  maneuver  siats  and  Krueger  flaps 
on  lift  and  drag  characteristics.  M  =  0.90. 


Figure  8.-  Influence  of  maneuver  strakes  wing 
airflow  characteristics. 


Figure  7.-  Effect  of  maneuver  strake  on 
lift  and  drag  characteristics.  M  =  0.85. 


Figure  9.-  Comparison  of  maneuver  strake  on  plain  ar.d  flapped  wing.  M  =  0.40. 
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SUMMARY 


Aerodynamics  of  U.  S.  Navy  aircraft  at  high  angles 
of  attack  in  the  region  beginning  with  buffet  onset  and 
continuing  through  maximum  maneuvering  boundaries,  stall, 
departure  from  controlled  flight ,  post-stall  gyrations  and 
the  spin  are  given  considerable  emphasis  during  design  and 
flight  test  for  each  aircraft  development  program.  This 
paper  discusses  the  application  of  current  methods  and  the 
philosophy  employed  by  the  Naval  Air  Systems  Command  to  de¬ 
sign  and  develop  Navy  aircraft  in  the  high  angle  of  attack 
region,  along  with  results  obtained  in  specific  cases. 


LIST  OF  SYMBOLS 

angle  of  attack 

moment  of  inertia  about  longitudinal  body  axis 
moment  of  inertia  about  normal  body  axis 
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1.  INTRODUCTION  I  . 

For  many  years  engineers  in  the  Aerodynamics  and  Hydrodynamics  Branch,.  NAVAIR  (Naval  Air 
Systems  Command)  have  Been  involved  in  a  series  of  real  world  "laboratory  experiments"  in  the 
high  angle  of  attack  characteristics  of  U.  S.  Navy  aircraft.  Being’  concerned  with  all  phases 
of  the  aircraft's  design  and  operation,  these  "experiments"  have  begun  with  establishing  de¬ 
sign  requirements,  conducting  design  evaluations:  and  predicting  high  angle  of  attack  charac¬ 
teristics  and  then  followed- through  model. tests,  analyses  and  flight  tests  to  the  final  ob¬ 
servation  and  analysis  of  service  experience.  Included  has  been  experience  with  all  aircraft 
now  in  the  Navy  inventory,  as  well  as  the  initial  phases  of  those  still  to  come.  Types  of 
aircraft  include  most  models,  currently  in  U.  S.  Navy  use,  from,  light  piston  engine  trainers,, 
large  and  small  turboprop ,  patrol,  cargo,  and  counter  insurgency  type  aircraft,  to  high 
performance  Jet  combat  aircraft.  The  application  of  the  design  and  flight  test,  of  Navy  air¬ 
craft  requires  genuine  teamwork  between  NASA  (National  Aeronautics  and  Space  Administration), 

Navy  field  activities  such  as  NATO  (Naval  Air  Test  Center),  NSRDC  (Naval  Ship  Research  and 
Development  Center)  and  NADC  (Naval  Air  Development  Center),  the  contractor  and  NAVAIR  engineers 
and  program  management.  1  !  i 

This  paper  is  concerned  with  the  aerodynamic  design,  engineering  development,  and  flight 
testing  of  Naval  aircraft  at  high  angles  of  attack.  For  this  paper  the  discussion  will  deal 
primarily  with  the  flight  regime  beginning  with  buffet  onset  and  proceeding  up  through  de¬ 
parture  from  controlled  flight.  It  must  be  kept  :in  mind,  however,  that  the  flight  regime 
beyond  departure,  namely  post-stall  gyrations,  the  various  gpin  modes,  and  recovery ; from  any  , 
of  the  high  angle  of  attack  flight  conditions  are  also  of  vital  importancle.  Contractor  and 
Navy  design,  development,  and  flight  testing  thoroughly  investigate  this  entire  flight  regime.. 
However,  a  considerable  research  and  development  effort  is  still  required  to  advance  the  ■ 
current  state-of-the-art  in  high  angle  of  attack  aerodynamics  in  order  to  permit  accurate 
analysis  of  the  flight  characteristics  in  this  regime  during  the  early  design  phase  so  that 
future  aircraft  will  have  satisfactory  high  angle  of  kttack  flight  characteristics. 

Historically,  the  aircraft  manufacturer's  design  proposals  have  .included  only  a  minimal 
amount  of  aerodynamic  data  for  definition  of  the  high  angle  of  attack  flight,  characteristics 
other  than  buffet  onset,  maximum  aerodynamic  lift  coefficient,  and  pitching  moment  data.  Up. 
through  the  latest  Navy  design  evaluations  the  design  criteria  considered  most  feasible  for 
achieving  good  maneuvering  capability  was  to  require  an  appropriate  level1  of  buffet  onset  lift 
coefficient.  Based  on  state-of-the-art  aerodynamics,  the  maximum  useable  lift  could  be  ex¬ 
pected  to  be  at  a  reasonable  level  above  buffet  onset.  The  prime  reason  for  this  approach 
was  that  buffet  onset  could  be  predicted,  both  for  preliminary  design  and  proposal  evaluation, 
with  an  ever  increasing  degree  of  confidence 'over  the  years.  It  could  also  be 'measured  during 
flight  tests  for  specification  compliance  with  a  reasonable  degree  of  accuracy.  It  is  fully 
realized  that  this  method  of  attempting  to  achieve  satisfactory  maneuvering  boundaries  is  highly 
imperfect,  but  lack  of  other  more  satisfactory  criteria  has  necessitated  its  application. 

2.  THE  DESIGN  CHALLENGE  ,  ' 

"  1 

Over  the  past  years,  with  the  resurgence  of  close-in  air-to-air  combat,  a  considerable 
amount  of  interest  and  effort  has  been  placed  on  obtaining  information  through  both  model 
and  flight  tests  in  the  flight  regime  beyond  buffet  onset.  The  primary  areas  of  concern  1 
are  discussed  in  the  following  subparagraphs. 


Buffet  Onset  ,  1 

Buffet  is  defined  as  unstable  boundary  layer  flow  on  the  wing  vjhere  the  boundary  layer 
intermittently  separates  and  attaches  in  a  somewhat  random  manner.  This  occurence  is  caused 
basically  by  high  angle  of  attack  pre-stall  flow  breakdown  at  subsonic  speeds,  and  by  local 
shock  wave  and  boundary  layer  interaction  in  the  transonic  speed  range.  The  degree  to  which 
one  or  the  other  of  the  above  flow  characteristics  causes  buffet  on  a  particular  aircraft  is 
primarily  a  function  of  airfoil  section,  thickness,  and  camber,  as  well  as  wing  aspect  ratio, 
sweep  angle  and  taper  ratio.  Buffet  onset  is  defined  as  oscillations  in  normal  acceleration 
of  +  0.05g  at  the  aircraft  center  of  gravity.  This  value  has  been  found  to  .correlate  ^ell 
with  pilot  opinion,  though  the  fuselage  elastic  characteristics  will  obviously  effect  these 
results. 
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Analytical  means  are  currently  available  for  prediction  of  buffet  onset  with  a  reasonable 
degree  of  accuracy.  The  methods  are  presented  in  Eef  [l]  and  are  based  on  the  airfoil  and 
ving  characteristics  mentioned  above.  Kind  tunnel  test  techniques  have  also  been  developed 
which  allow  a  core  accurate  assessment.  Wind  tunnel  prediction  cethods  utilize  lift  co¬ 
efficient,  axial  force  coefficient,  ving  root  bending  cement,  ving  trailing  edge  pressure, 
ving  tip  accelerometer,  and  oil  flow  photograph  data,  all  as  a  function  of  angle  of  attach. 

These  cethods  have  been  refined  to  the  point  where  acceptable  accuracy  can  usually  be  achieved 
in  buffet  onset  prediction.  More  detailed  discussions  of  experimental  techniques  are  contained 
in  Kefs  [2]  and  [3]. 

'Build-up  in  Buffet  Intensity 

At  present  there  are  no  knovn  reliable  neans  of  predicting  buffet  intensity  build-up 
analytically  or  in  the  wind  tunnel.  Only  educated  guesses  can  be  cade  fron  vind  tunnel  tests 
of  buffet  onset  parameters  such  as  tip  acceleroceter,  ving  root  bending  coeent,  and  trailing 
edge  pressure  data.  A  consistent,  repeatable  build-up  in  buffet  intensity  is,  however,  a 
desirable  paraceter  in  giving  the  pilot  a  positive  indication  of  icpending  stall/departure. 

This  is  a  difficult  characteristic  to  achieve,  and  some  aircraft,  such  as  the  A-7  and  F-b, 
have  an  angle  of  attack  range  between  buffet  onset  and  stall/departure  which  is  so  large  as 
to  preclude  the  use  of  buffet  build-up  as  reliable  stall/departure  warning.  Methods  of 
delaying  buffet  onset  and  achieving  a  satisfactory  build-up  in  buffet  intensity,  while 
maintaining  a  high  degree  of  maneuverability,  need  to  be  developed. 

Definition  of  Moderate  and  Heavy  Buffet  Levels 

Pilot  definition  of  moderate  and  heavy  buffet  levels  has  been  found  to  be  a  highly  nebulous 
item.  'While  most  pilots  are  in  relatively  close  agreement  on  the  buffet  level  for  onset, 
there ‘is  a  wide  range  of  opinion  to  define  levels  beyond  onset.  Experience  has  shown  that 
both  thd  frequency  and  amplitude  of  the  buffet  can  influence  pilot  opinion.  This  variability 
demonstrates  the  :eed  for  considerable  research  in  this  area. 

Buffet  intensity  level  has  a  direct  effect  on  the  maximum  angle(s)  of  attack  for  the  track¬ 
ing  tasks  involved  in  utilizing  the  various  weapons  available,  particularly  in  air  combat 
maneuvering.  Depending  on  the  weapon  to  be  used,  the  maximum  buffet  level  tolerable  to  the 
pilot  will  vary  since  each  weapon  requires  a  different  degree  of  tracking  accuracy.  For 
example,  a  heat  seeking  missile  does  not  require  the  same  tracking  accuracy  as  a  gun. 

Maneuvering  Boundaries 

For  tactical  aircraft  various  maneuvering  boundaries  are  of  interest  such  as  the  optimum 
maneuvering  angle  of  attack  and  the  maximum  usable  angle  of  attack  for  offensive  and  defensive 
maneuvering.  These  boundaries  are  primarily  based  on  pilot  opinion  as  determined  from  flight 
tests  and  correlated  with  various  measured  parameters.  The  optimum  maneuvering  angle  of  attack 
is  usually  a  compromise  among  parameters  such  as  sustained  turning  performance,  instantaneous 
normal  acceleration  capability,  buffet  intensity,  and  overall  flying  qualities.  Offensive  and 
defensive  boundaries  are  determined  by  the  tasks  required  for  air  combat  maneuvering.  Differences 
can  occur  in  these  angles  because  offensive  maneuvers  require  the  pilot  to,  first,  maneuver  his 
aircraft  to  within  the  range  and  angular  offset  limits  for  use  of  the  selected  weapon,  and, 
second,  to  then  be  able  to  accurately  track  the  target  and  fire  the  weapon.  However,  defensive 
maneuvers  may  very  well  be  executed  at  angles  of  attack  closer  to  stall/departure  than  offensive 
maneuvers  due  to. the  urgency  of  the  pilot's  situation.  For  offensive  maneuvers,  if  a  particular 
airplane  has  not  yet  reached  a  tracking  buffet  limit,  its  usable  maneuvering  capability  will  be 
determined  by  aerodynamic  characteristics  close  to  stall/departure.  An  airplane’s  characteristics 
may  well  be  such  that  the  buffet  intensity  and/or  flying  qualities  at  the  angle  of  attack  for 
obtaining  a  tracking  position  are  not  acceptable  for  actual  tracking,  and  the  pilot  will  have  to  reduce 
his  angle  of  attack  to  utilize  the  selected  weapon.  As  stated  previously,  this  angle  may  vary 
depending  on  the  weapon  to  be  used.  Defensive  maneuvers  are  normally  flown  close  to  the  stall/ 
departure  angles  and;  unless  the  particular  aircraft  has  a  high  degree  of  stall/departure  re¬ 
sistance,  the  aircraft  will  probably  be  flown  into  the  stall/departure  conditions  frequently 
during  both  training  and  actual  air  combat  maneuvering.  It  is  imperative,  therefore,  that  the 
maximum  usable  angles  of  attack,  and  the  stall/departure  susceptibility  and  characteristics  be 
well  defined  in  order  to  raise  pilot  confidence  to  such  a  level  that  the  full  maneuvering  capability 
of  the  aircraft  can  be  effectively  utilized. 

Stall  Angle  of  Attack 

The  three  basic  definitions  for  stall  angle  of  attack  normally  referred  to  are: 

•  Angle  of  attack  for  the  highest  load  factor,  normal  to  the  flight  path,  that  can  be 
attained  at  a  given  speed  or  Mach  number. 

•  Angle  of  attack  for  a  given  airspeed  or  Mach  number  at  which  intolerable,  uncommanded 
motions  occur  (i.e. •  excessive  wing  rock,  nose  wander,  or  nose  rise  tendencies). 

i 

•  Angle  of  attack  for  a  given  airspeed  or  Mach  number  at  which  intolerable  buffeting  is 
encountered. 

The  lowest  angle  of  attack  based  on  the  above  is  defined  as  the  stall  angle  for  a  given  aircraft  at 
that  speed  or  Mach  number.  The  first  of  the  above  is  initially  determined  from  wind  tunnel  test 
data  for  maximum  lift  coefficient  properly  corrected  for  such  effects  as  Reynolds  number.  However, 
determining  whether  or  not  one  or  both  of  the  latter  two  definitions  will  supersede  the  aerodynamic 
maximum  lift  cannot  be  accurately  predicted  from  mqdel  testin&or  analysis. 


Departure 


Departure  is  demised  as  the  event  in  the  post-stall  flight  regime  which  precipitates  entry  into 
a  post-stall  gyration  and/or  spin.  It  is  characterized  by  divergent,  large  amplitude,  ucctsasasded 
aircraft  actions  such  as  pitch  up,  nose  slice,  or  snap  roll.  Stall  and  departure  on  modem  fighter 
and  attack  aircraft  configurations  normally  occur  at  nearly  the  same  angle  cf  attack  and  ere 
therefore  considered  jointly  throughout  this  discussion. 

Post-Stall  Gyrations,  Spin  and  Recovery 

Post-stall  gyrations  are  the  uncontrollable  oscillatory  actions  about  any  or  all  exes  following 
departure  frcn  controlled  flight  and  before  the  airplane  reaches  a  spin  condition.  Spins  are  basically 
characterized  oy  sustained  rotation  in  yaw  at  angles  of  attack  above  the  stall  that  nay  have 
oscillations  about  any  or  all  axes  superimposed  on  it..  Th ft  incipient  spin  is  the  initial  transitory 
phase  cf  the  action  during  which  it  say  not  be  possible  to  identify  that  the  airplane  is  spinning. 

When  the  spin  progresses  to  the  point  where  it  is  fully  developed,  it  should  be  readily  recognized: 
no  significant  changes  will  occur  frca  turn  to  turn  and  the  trajectory  will  approach  the  vertical. 

The  recovery  transition  frca  out-cf-control  to  controlled  flight  encccp asses  the  period  between 
pilot  actuation  of  recovery  control  and  the  reduction  of  the  angle  of  attack  to  below  stall  with  no 
significant  uncccnanded  notions  resaining.  As  with  cost  of  the  high  angle  of  attack  pre-stall 
characteristics,  the  post-stall  behavior  of  an  aircraft  is  not  amenable  to  analysis.  Consequently, 
a  considerable  amount  of  wind  tunnel  and  flight  test  results  are  required  to  adequately  define  the 
post-stall  characteristics. 

3.  DESIGN  PROCESS 


During  the  design  and  engineering  development  phases  a  wide  variety  of  wind  tunnel  facilities 
are  used  to  define  the  aerodynamic  characteristics  of  the  aircraft.  Basic  static  force  and  moment 
tests  are  conducted  in  contractor  tunnels,  NASA  (national  Aeronautics  and  Space  Administration) 

Research  Center  facilities,  as  well  as  privately  operated  facilities  such  as  those  at  the  Cornell 
Aeronautical  Laboratory.  These  tests  normally  cover  angles  of  attack  to  about  25  degrees  and 
sideslip  angles  up  to  about  5  degrees.  These  data  are  limited  to  the  lower  angle  ranges  by 
considerations  such  as  balance  eccuracy  and  strength  requirements,  model  scale,  and  tunnel  blockage. 
These  are  particularly  limiting  as  Mach  and  Reynolds  numbers  are  increased. 

Dynamic  wind  tunnel  test  data  are  also  collected  as  the  design  phase  progresses,  utilizing 
essentially  the  same  angle  of  attack  and  sideslip  ranges.  The  model  scale,  Reynolds  number,  and 
Mach  number  capability  vary  greatly  among  the  various  tunnels  available.  These  facilities  yield 
a  wide  variety  of  data  which  must  be  properly  analyzed  and  correlated  to  obtain  a  consistent  set  of 
aerodynamic  characteristics.  This  is  a  difficult  task  and  considerable  time  and  knowledge  are  required 
to  arrive  at  satisfactory  results.  These  tests  and  data  are  oriented  primarily  toward  an  accurate 
definition  of  aircraft  characteristics  in  the  lower  angle  of  attack  flight  regime.  This  is  where 
the  majority  of  flying  will  be  accomplished  and  where  performance  characteristics  must  be  accurately 
determined. 

In  order  to  obtain  the  required  data  for  definition  of  high  angle  of  attack  characteristics,  a 
series  of  tests  are  conducted  at  NASA  facilities  specifically  utilized  for  this  purpose.  A  typical 
program  would  be  pursued  as  follows: 

•  Low  Mach  number  (0.2M),  high  Reynolds  number  (6  x  10°  per  foot)  tests  are  performed  at 
angles  of  attack  to  90  degrees  and  sideslip  angles  to  U0  degrees. 

•  Static  force  and  moment  tests  for  similar  Mach  number  and  pitch  and  yaw  angle  ranges 
are  conducted,  but  at  a  much  lower  Reynolds  number  usually  below  1  x  1()6  per  foot.  These  results 
are  compared  with  the  high  Reynolds  number  results  and  the  differences  are  taken  into  account  in 
further  tests  anx  analyses. 

•  Dynamic  stability  derivatives  are  also  obtained  utilizing  forced  oscillation  and 
rotary  balance  test  techniques.  These  data  are  combined  with  the  previously  obtained  static  force 
and  moment  data  and  utilized  in  six  degrees  of  freedom  computer  studies  to  predict  probable  flight 
characteristics  and  recovery  techniques  up  to  stall/departure.  Predictions  in  the  post-stall 

and  spin  regimes  are  also  made;  however,  little  confidence  is  currently  placed  in  these  results,  due 
to  lack  of  sufficient  correlation  with  flight  test. 

•  Free  flight  tests  are  then  conducted  utilizing  the  same  model  as  for  the  static  tests, 
however,  the  model  is  now  actually  being  "flown"  in  the  tunnel.  This  "flight"  is  accomplished 

by  attaching  a  cable  to  the  model.  Electrical  power  lines  are  routed  through  the  cable  to  actuate 
control  surfaces.  Compressed  air  lines  are  also  routed  through  the  cable  for  thrust  simulation 
as  well  as  a  steel  cable  to  catch  the  model  upon  termination  of  the  test,  or  if  uncontrollable 
motions  occur.  Using  this  technique,  the  model  is  "flown"  up  to  the  stall/departure  in  order  to 
investigate  the  flight  characteristics  using  various  types  and  combinations  of  control  surface 
inputs.  Aerodynamic  characteristics  such  as  wing  rock,  nose  wander,  pitch  up,  lateral-directional 
divergence,  and  stall/departure  may  be  identified.  Even  though  these  tests  are  conducted  at  low  Mach 
and  Reynolds  numbers ,  the  results  in  terms  of  overall  characteristics  as  well  as  the  approximate 
angles  of  attack  and  types  of  stall/departure,  have  generally  correlated  reasonably  well  with 
actual  flight  experience. 

•  Concurrent  with  the  free  flight  model  tests,  spin  tunnel  test  results  are  utilized 
to  define  the  spin  and  recovery  characteristics  for  all  combinations  of  control  surface  deflections 
in  both  right  and  left  spins.  The  various  spin  modes  such  as  upright,  inverted,  flat,  steep, 
oscillatory  and  non-oscillatory  are  determined.  The  recovery  techniques  from  each  are  also  de¬ 
termined.  Variables  investigated  include  the  effects  of  external  store  loadings  (including 
asymmetric  loadings),  center  of  gravity  and  moments  of  inertia,  and  the  use  of  devices  such  as 
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sm«4  brakes,  slazs,  tri  Hijs.  lie  sjis  tcznel,  3sf  (M,  is  a  wrticsl  tsssel  £s£ o  siieb  tbs 
model  is  bend  leazcaed  et  eicci  $0  degrees  engle  of  etteek  with  indaeed  rotation  into  tbs  rising 
sitstjwa.  Control  surfaces  are  Ktirstei  remotely  by  a  ssjtttic  field  is  order  to  investigate 
recovery  control  positions. 

1=  addition  to  determining  the  basic  spin  a ad  recovery  characteristics,  the  energesoy  oct-of-esstreu. 
recovery  system  to  be  used  cs  the  flight  test  aircraft  is  also  demonstrated-  This  system  often  con¬ 
sists  of  e  parachute  scented  on  the  back  end  of  tbs  aircraft  to  provide  recovery.  She  parachute 
diameter  and  riser  length  is  sited  is  the  spin  tunnel  to  recover  the  aircraft  free  the  rest 
critical  spin  condition  predicted  for  the  aircraft  while  bolding  full  pro-spin  controls. 

•  The  free  flight  tests  in  MSA's  20  z  60  foot  tunnel  yield  the  aircraft  flight 
characteristics  up  to  the  stall/departure,  while  the  spin  tunnel  tests  define  the  developed  spin 
and  recovery  characteristics.  The  sain  questions  that  now  mist  be  answered  are  (1)  how  does  the 
aircraft  depart  frees  controlled  flight  into  post-stall  gyrations,  (2)  will  it  enter  any  or  ell  of 
the  developed  spin  nodes  identified  in  the  spin  tunnel,  and  (3),  if  it  does  spin,  will  it  recover. 

To  obtain  these  answers  the  NASA/Iaagley  Research  O  iter  conducts  free  flight  tests  of  a  radio 
controlled  codel.  These  tests  consist  of  dropping  .ron  a  helicopter  a  nodel  which  is  controlled 
by  radio  signals  fren  the  ground.  The  uncovered  nodel  is  dropped  free  a  n urinal  attitude  of 
5,OCO  feet  and  is  allowed  to  stabilize  in  a  dive  with  essentially  neutral  longitudinal  control 
deflection.  Longitudinal  control  is  then  applied  to  increase  the  angle  of  attack  up  to  the 
stall/departure.  This  permits  an  investigation  of  the  flight  characteristics  and  departure 
tendencies  in  free  air.  Lateral-directional  control  inputs  are  then  radioed  to  the  appropriate 
control  surfaces  in  order  to  induce  or  aggravate  departure.  Using  this  technique  the  characteristics 
and  recovery  procedures  frea  stall/departure  through  the  fully  developed  spin  can  also  he  in- 
vestigated.  As  opposed  to  the  1-g  stall/departures  "flown"  in  the  free  flight  tunnel,  accelerated 
st8ll/departures  are  normally  investigated  with  the  radio  controlled  drop  model.  These  techniques 
are  discussed  in  Ref  [5]. 

The  data  obtained  from  the  above  described  test  program  covers  the  full  angle  of  attack  range. 

These  data  in  conjunction  with  the  computer  analyses  and  simulator  studies  are  used  as  a  guide  in 
designing  the  full  scale  high  angle  of  attack  flight  test  program. 

The  entire  test  program  is  conducted  with  close  coordination  among  Ilavy,  NASA,  and  contractor 
engineers.  As  problem  areas  are  identified  they  are  given  immediate  attention.  Contractor 
engineering  and  flight  test  personnel  continually  revise  and  update  high  angle  of  attack  predictions. 
Maximum  use  is  made  of  these  predictions  to  minimize  the  flight  test  program.  It  must  be  emphasized, 
however,  that  the  results  of  the  model  test  program,  while  providing  a  valuable  guide  in  the 
flight  regime  leading  to  stall/departure  and  up  through  the  fully  developed  spin,  do  not  provide 
sufficient  information  on  the  various  important  parameters  between  buffet  onset  and  stall  de¬ 
parture.  Ir,  addition,  they  are  all  obtained  at  very  low  Mach  number  and,  with  the  exception 
of  -he  static  force  and  moment  tests  in  the  NASA/Ames  Research  Center  12  foot  Pressure  Tunnel, 
are  all  at  very  low  Reynolds  number.  If  we  are  to  achieve  a  satisfactory  collection  of  aero¬ 
dynamic  data  to  adequately  define  tne  high  angle  of  attack  characteristics  of  aircraft  that  can 
be  used  with  sufficient  confidence  in  computer  analysis  and  simulation  programs  during  design 
and  engineering  development,  it  is  imperative  that  the  analytical  and  experimental  capability 
to  obtain  sufficiently  accurate  data  be  developed  on  a  high  priority  basis. 

*».  Flight  Tests 

Flight  tests  in  the  high  angle  of  attack  region  begin  soon  after  first  flight  of  a  new  Navy 
design.  Because  of  the  limitations  of  accurately  predicting  flight  characteristics  in  this  area 
and  heavy  reliance  on  pilot  opinion  to  define  such  things  as  maneuvering  boundaries  and  to 
establish  the  acceptability  of  stall  warning,  stall  and  post-stall  characteristics,  considerable 
emphasis  is  placed  on  high  angle  of  attack  testing.  The  basic  philosophy  of  the  Navy's  flight 
test  program  is  for  the  contractor  pilots  to  demonstrate  the  flight  characteristics  under  the 
most  critical  conditions  anticipated  during  the  operational  use  of  the  airplane.  This  is 
accomplished  by  making  maximum  use  of  the  analysis  and  experimental  data  discussed  earlier  and 
through  flight  test  build-ups  to  the  critical  conditions.  Determination  of  critical  conditions 
are  based  on  gross  weight,  center  of  gravity  location,  power  settings  and  external  6tore  loadings 
(symmetrical  and  asymmetrical)  for  the  various  configurations,  i.e.  ,  cruise,  landing,  combat,  etc. 

Navy  pilots  evaluate  these  characteristics  periodically  to  determine  their  acceptability  and  to 
determine  the  capability  of  the  airplane,  as  well  as  to  establish  procedures  for  fleet  pilots  to 
safely  use  the  full  potential  of  the  airplane.  The  demonstrations  by  contractor  pilots  and  evalua¬ 
tions  by  Navy  pilots  are  performed  separately  in  order  to  concentrate  on  the  objectives  of  the 
testing  which  experience  has  shown  leads  to  the  most  efficient  use  of  flight  testing. 

Initially  the  contractor's  tests  investigate  the  stall  warning,  approach  to  stall  and  stall 
characteristics.  As  the  program  progresses,  for  nighly  maneuverable  aircraft  such  as  trainers, 
attack  and  fighters,  full  post-stall  and  spin  tests  are  performed.  For  aircraft  not  designed  for 
extensive  high  angle  of  attack  maneuvering  such  as  patrol,  ASW  and  cargo  designs,  testing  is 
terminated  after  full  post-stall  motions  have  developer  from  1G  and  accelerated  entries.  No 
attempt  is  made  to  spin  these  aircraft.  During  both  the  stall  and  spin  testing  of  the  highly 
maneuverable  aircraft  the  effects  of  various  store  loadings,  fuel  loadings,  and  centers  of 
gravity  are  investigated  in  order  to  determine  their  most  critical  conditions  for  each  in¬ 
dividual  demonstration. 

The  contractor's  entire  flight  program  in  this  area  should  be  preceeded  by  the  appropriate 
phases  of  the  analytical  and  model  experimental  tests  described  previously,  in  order  to  achieve 
maximum  safety.  All  stall/spin  test  airciaft  are  contractually  required  to  have  a  back-up 
emergency  out-of-control  recovery  device  installed  in  order  to  provide  an  alternate  means  of 
recovery  should  the  maneuver  become  so  disorienting  that  the  pilot  applies  improper  recovery 
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esetrols:  cr  does  sst  yrcjerij  irie sjrett  t&e  aotiscs  beirg  qgerlescca.  As  part  off  tie  flsal  ifgia 
*=®le  of  attasi  (Sanasstratisa  of  tbs  aircraft,  tbs  ccstracter  is  rsqcirfci  to  dssssstrste  this 
emergcm-rf  rassvery  spates  *5.  tbs  amt*  critic*!  pcst-scali  coaditica  to  tbe  satisfaction  of  tbs 
Stay.  Tot  aircraft  rot  repaired  to  spia  tbs  css  of  e 3  essrzfsey  neosrsry  dcries  for  bigb  e=$le  of 
ctiazi  testing  is  left  to  tbs  ccctraccor’s  discretion.  1C  esed  'by  tbe  ecctrectcr,  ealy  ftottioa*! 
dsaccstraticcs  are  repaired  is  flight.  A  dsaccstretica  to  detersiae  its  effectiveness  to  reesrer 
tbe  eirpisr-s  fssas  e  spia  is  not  respired-  lbs  cactraster  bes  ebnsa  to  ecsip  tbs  S-3  big?)  angle 
of  attack  test  airplane  witb  a  spia  ebose  to  pemit  *  tborocgb  invest  igetica  of  tbe  post-stall 
aoticas.  She  sine  of  tbe  spin  chute  was  determined  in  the  spia  tcnae!  using  tbe  sane  test  pro¬ 
cedures  as  discussed  previously. 

Cnee  the  contractor  has  densest rated  tbe  aorsal,  accelerated,  and  inverted  stall  characteristics, 
as  well  as  tbe  cost  critical  spia  end  recovery  conditions ,  tbe  airplane  is  turned  over  to  tbe  Havel 
Air  lest  Center  test  pilots  for  a  Eavy  evaluation  of  tbe  entire  high  angle  of  attach  flight  regiae- 
This  Eavy  program  is  conducted  with  the  knowledge  that  the  contractor  has  already  demonstrated  the 
characteristics  of  end  recovery  free  the  nest  critical  conditions  that  nay  occur,  as  well  as  the 
satisfactory  operation  of  the  emergency  cut-of-ccntrol  recovery  device,  if  employed.  This  program 
is  designed  to  investigate  flight  characteristics  under  the  most  adverse  conditions  anticipated 
during  fleet  use.  By  having  the  contractor  concentrate  primarily  on  demonstrating  critical 
conditions ,  and  having  Eavy  pilots  investigate  the  overall  high  angle  of  attach  flying  qualities,  two 
basic  objectives  are  achieved.  First,  the  airplane  can  be  evaluated  from  an  operational  as  well  as 
an  engineering  viewpoint,  yielding  no  re  meaningful  results  in  terms  of  determining  tbe  mission 
capability  of  the  aircraft,  and  resulting  in  an  operational  pilot  oriented  definition  of  high 
angle  of  attach  characteristics  and  procedures  for  the  flight  manual.  Inin  situation  is  achieved 
through  the  Havy  system  of  selecting  pilots  vith  recent  operational  fleet  experience,  having 
them  serve  a  three  year  tour  as  test  pilots  and  then  returning  them  to  the  fleet,  often  to  fly 
the  same  type  of  aircraft  they  have  evaluated.  The  Eavy  test  pilots  are,  therefore,  familier  with 
the  current  tactics  employed  in  the  fleet,  the  problem  of  the  fleet  pilot /airplane  "team”,  and  are 
usually  proficient  in  cost  Eavy  aircraft  of  the  type  being  evaluated.  The  second  objective  is  the 
cost  savings  incurred  by  having  the  contractor  demonstrate  only  the  critical  conditions,  or,  in 
other  words,  the  extremes  of  the  flight  envelope.  Host  of  the  flight  testing  within  these 
extremes  is  then  conducted  solely  by  Eavy  pilots.  Certainly,  the  contractor  pilots  conduct 
a  significant  amount  of  testing  inside  the  extremes  as  part  of  their  build-up  program,  and 
do  make  a  gross  assessment  of  the  maneuvering  potential  of  the  aircraft.  However,  it  is 
the  Eavy  test  pilots  who  obtain  the  fleet  oriented  definition  of  characteristics  and  de¬ 
termination  of  mission  suitability. 

The  Havy  high  angle  of  attack  evaluation  defines  most  of  the  areas  of  concern  previously 
detailed.  The  definition  of  these  various  characteristics  are  the  product  of  a  sufficient 
number  of  test  pilots  to  obtain  as  objective  a  determination  as  possible.  This  evaluation 
places  heavy  emphasis  cn  both  avoidance  of  and  recovery  from  the  various  flight  characteristics 
to  be  encountered  between  buffet  onset  and  departure  from  controlled  flight.  This  emphasis 
is  of  greatest  importance  for  fighter,  attack,  and  trainer  type  aircraft,  where  the  full 
maneuvering  envelope  must  he  utilized  by  the  pilot  in  order  to  achieve  the  maximum  capability 
of  his  airplane.  This  being  the  case,  stalls  and  departures  will  occur  with  some  frequency 
and  must  be  fully  tested,  fully  understood,  and  completely  defined  in  the  flight  manual. 

An  extensive  description  of  the  Naval  Air  Test  Center's  stall/post-stall/spin  program  is 
contained  in  Ref  [6]. 

To  illustrate  the  many  factors  involved  in  the  high  angle  of  attack  maneuvering  range 
trimmed  lift  curves  for  two  Navy  designs,  the  A-7  and  F— 1j  (Figs  1  and  2),  are  shown  in  Figs  3 
and  It  showing  a  progression  of  events  that  occur  from  buffet  onset  to  post-stall  gyrations. 

The  A-7  (Fig  3)  has  a  lift  curve  which  exhibits  a  well  defined  maximum  aerodynamic  lift 
coefficient.  Its  flight  characteristics  show  buffet  onset  in  the  vicinity  of  10  to  12  degrees. 

The  rudder  pedal  shaker,  which  is  set  at  an  angle  of  attack  to  provide  artificial  stall  warning 
in  the  landing  upproach  configuration,  is  activated  at  17  degrees,  which  happens  to  coincide 
with  the  lower  portion  of  the  17  to  19  degrees  band  where  heavy  buffet  is  encountered.  At 
18.5  degrees  the  roll  augmentation  system  is  automatically  turned  off  to  preclude  pro-spin 
aileron  inputs  in  the  stall/departure  region.  Above  18.5  degrees  exclusive  use  of  the  rudder 
should  be  made  for  roll  control.  Stall  occurs  at  20  degrees  and  is  characterized  by  very 
heavy  buffet  and  weak  lateral-directional  stability  which  results  in  a  nose  wander  in  yaw. 

Departure  from  controlled  flight  will  occur  between  20  and  2U  degrees  depending  on  the  rate 
of  change  of  angle  of  attack  and  on  any  lateral  control  inputs  that  may  be  inadvertently  applied 
by  the  pilot.  The  departure  will  usually  occur  in  the  form  of  a  rapid  nose  slice  accompanied 
by  snap  rolls  in  t.ie  direction  of  the  slice.  The  A-7  departure  is  very  disorienting  to  the  pilot 
and  the  recovery  technique  as  determined  by  Navy  tests  is  to  release  the  stick  to  avoid  inad¬ 
vertent  lateral  control  inputs  and  to  wait  until  the  post-stall  gyrations  have  ceased.  At  this 
point  the  aircraft  will  be  in  an  unr.talled  condition  and  can  be  flown  back  to  level  flight  by 
proper  use  of  controls  to  avoid  a  second  stall/departure.  If  the  post-stall  recovery  procedures 
are  not  properly  followed,  it  is  likely  that  the  airplane  will  enter  a  spin. 

In  contrast  to  the  A-7,  the  F— U  has  a  local  maximum  lift  point  at  18  degrees  angle  of  attack 
(Fig  k)  and  a  later  maximum  aerodynamic  lift  at  26  degrees.  The  F-Ij's  flight  characteristics 
show  buffet  onset  occurring  in  the  9  to  11  degrees  angle  of  attack  region.  Above  11  degrees 
lateral  control  should  not  be  used.  Roll  control  should  be  achieved  by  Judicious  use  of  the  rudder 
only.  Lateral  control  is  pro-spin  and  could  induce  an  early  departure  from  controlled  flight.  The 
rudder  pedal  shaker  is  activated  at  17  degrees  to  supply  artificial  stall  warning  for  landing 
approaches.  At  18  to  19  degrees  wing  rock  is  first  encountered.  Heavy  buffet  begins  at  20  degrees 
along  with  a  build-"D  in  wing  rock.  Stall  occurs  between  22  and  25  degrees  and  is  characterized 
by  excessive  buffet  and  wing  rock,  and  nose  rise  tendencies.  Departure  will  occur  above  25  degrees 
primarily  in  the  fora  of  a  nose  slice  with  roll  in  the  direction  of  the  yaw.  As  is  the  case  with 
the  A-7,  inadvertent  lateral  control  inputs  and  rate  of  change  of  angle  of  attack  may  cause  an 
earlier  and  more  aggravated  departure.  Recovery  is  achieved  by  smoothly  moving  the  stick  forward 
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to  reisce  tbs  *sg le  of  stticb,  viils  s£aalts=sacs?y  c*strai£si=s  SatsrsI-dSrectiscsi  ctttrtls.  Tbs 
drag  eSsste  esa  sJso  be  ctilfttd  is  dfipartsme  gtagwesy  tttsajts.  Failure  to  gescrer  gremyly  viii 
most  likely  nesslt  la  «=tsy  isto  eitker  &  ste*?  ©sellletary  spies  or,  as  very  rare  cesssic-s,  e  fast 
flee  spin.  A=  item  ef  psrtieelar  iatsrestt  is  tbst  tie  F-4  is  csasSle  of  flijkt  veil  thread  tie 
first  local  mwigan  fa  tbs  lift  esrre  emi  ersa  tbacg^  drss  is  so  bigb  tb*S  a  level  flight  cccstsat 
speed  esaditica  earnest  be  ssaimtaiasd,  eagles  of  stteci  veil  bsycad  tbs  local  maxi  ass  ere  still  arable. 
These  eagles  ere  oftea  ejrerieaced  ia  the  reel  vorld  of  sir  eoabet  aaaecreriag. 

It  is  isterestiag  to  cote  tbet  tbe  term  Ca^  .  i  vbicb  is  described  in  Befs  [7]  end  [8]  es  cce 
cycle  cf  a  highly  casteble  Hatch  roll  cscilietica,' correlates  reescaebly  veil  vitb  tbe  departure 
eagle  of  attach  for  both  of  these  aircraft.  Tbe  first  departure  catica  of  each  aircraft  begins  vita 
a  case  slice,  rigs-  5  sad  6  shov  the  values  of  CU^  ai  a  function  cf  eagle  of  attach  for  the  A-7 
and  ?4  aircraft,  respectively.  The  A-7,  voile  having's  positive  value  of  this  parameter  up  through 
tbe  stall/departure  angle  cf  attach  range,  has  a  nlninal  value  ia  the  20  to  2b  degree  region  vhich 

is  indicative  of  very  veah  lateral-directional  stability.  Tbe  ?4  values  for  C„  actually  go 

**  jf  cyn 

unstable  ia  the  vicinity  of  25  degrees  angle  of  attach.  Also  sbevn  ca  these  figures  are  the  effects 
of  leading  edge  devices  ca  the  C_  „  _  naraneter.  Fig.  5  for  tbe  A-7  shows  that  significant  in- 

p  cvp 

nroveneat  in  C_  .  can  be  achieved-  fey  utilising  either  a  ving  leading  edge  flan  or  by  increasing 
aP  irn 

the  radius  of  the  ving  leading  edge.  Fig.  6  shevs  the  iapreved  CQ^  .  obtained  by  using  ving 
leading  edge  slats  on  the  F-fc.  Both  of  these  aircraft  have  been  flign?1  tested  vitb  the  ving 
leading  edge  nodificaticns  and  have  exhibited  inproved  lateral-directional  flying  qualities  at 
high  angle  of  attach.  Tbe  slats  on  the  F-b  have  resulted  in  the  achieverent  of  increased 
maneuvering  boundaries.  Ref  [8]  contains  a  considerably  core  detailed  discussion  of  the  use 
of  ving  leading  edge  devices  on  high  angle  of  attach  characteristics. 

While  the  Cnjj  parameter  is  considered  a  good  guideline  for  design  and  .evaluation,  many 
investigators  in  the'?! eld  of  high  angle  of  attach  phenomena  feel  that  it  is  by  no  means  the 
whole  story  and  continued  research  is  required  in  this  area  to  define  additional  important 
parameters,  es  veil  as  the  interrelationships  that  exist  among  them. 

Fig.  7  shows  the  F-b's  trimmed  lift  curve  with  the  wing  leading  edge  slats  extended.  Signifi¬ 
cant  improvements  in  the  high  angle  of  attack  characteristics  can  be  seen  by  comparing  Figs.  b  and 
7-  Referring  to  these  figures  it  can  be  seen  that  the  angles  of  attack  for  buffet  onset,  rudder 
only  roll  control,  ving  rock  onset,  optimum  maneuvering,  stall,  and  departure  have  all  been  sub¬ 
stantially  increased  over  those  of  the  basic  ?-b.  The  lift  coefficient  beyond  approximately  10 
degrees  has  been  significantly  increased,  and  the  dip  following  the  first  local  maximum  lift  has 
been  considerably  diminished.  The  wing  rock  onset  for  the  slatted  airplane  is  much  more  mild  and 
gradual  in  build-up  than  that  of  the  basic  aircraft,  and  heavy  buffet  has  not  been  identified  with 
the  slat.  Two  ramifications  of  these  characteristics  are  that  the  slatted  F-b  stall  is  defined 
primarily  by  nose  wander  and  nose  rise  tendencies,  vice  the  basic  F-b's  nose  rise  tendencies,  and 
excessive  buffet  and  wing  rock. 

Since  only  limited  flight  tests  have  been  conducted  on  this  configuration,  the  optimum  maneuvering 
angle  of  attack  is  not  yet  defined.  Simulator  study,  however,  has  shown  a  2**  degree  angle  for 
optimum  maneuvering  as  opposed  to  the  15  degrees  on  the  basic  airplane.  Also,  a  limited  number  of 
departures  have  indicated  that  they  are  milder  for  the  slatted  F-b  than  for  the  basic  airplane.  The 
characteristics  of  the  departure  also  are  somewhat  different  in  that  the  basic  F-b  exhibits  more  yaw 
than  roll,  while  the  slatted  F-b  shows  more  roll  than  the  basic  airplane.  This  is  attributed  to  the 
increased  dihedral  effect  with  slats.  Comparison  of  Figs.  6  and  7  shows  good  correlation  between 
the  minimum  level  of  C„  Q  and  the  departure  angle  of  the  slatted  F-b. 
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5.  DEPARTURE/SPIN  PREVENTION 


An  additional  consideration  for  high  angle  of  attack  maneuvering  which  is  gaining  widespread 
popularity  is  to  prevent  the  airplane  from  entering  a  spin,  or  even  to  prevent  a  departure  from 
controlled  flight.  Since  little  is  known  on  how  to  design  these  characteristics  into  an  aircraft 
in  a  practical  fashion,  the  current  emphasis  is  on  use  of  the  basic  flight  control  and/or  stability 
augmentation  systems.  Various  efforts  are  being  made  in  this  area  and  the  results  to  date  are 
promising.  A  prime  object  of  this  work  is  to  accomplish  the  prevention  task  without  detracting  from 
the  full  maneuvering  envelope  of  the  aircraft.  For  this  reason  longitudinal  stick  pushers  of  all 
but  the  most  complex  types  have  been  deemphasized  due  to  the  reliability  and  maintainability  problems 
that  would  result  from  their  use.  The  first  practical  demonstration  of  this  concept  was  a  post-stall 
gyration  prevention  system  developed  by  Cornell  Aeronautical  Laboratory  under  U.  S.  Navy  sponsorship. 
The  system  was  installed  in  an  F7U-3  "Cutlass"  and  flight  tests  in  1959  demonstrated  that  it  did  pre¬ 
vent  the  airplane  from  entering  its  characteristic  post-stall  gyration  when  stalled  in  combat  type 
maneuvers  (Ref  (9)). 

NASA/Langley  is  currently  involved  ir.  an  analytical  and  experimental  investigation  of  automatic 
spin  prevention  through  use  of  the  basic  aircraft  control  systems,  including  stability  and  control 
augmentation  systems.  Some  of  the  results  of  this  continuing  program  are  presented  in  Ref  [10 J.  In 
addition,  the  Navy  has  funded  a  contractor  study  of  F-lb  stall/spin  avoidance/prevention  which  has 
yielded  two  promising  techniques,  one  for  departure  prevention,  and  one  for  spin  prevention.  Both 
techniques  will  be  flight  tested  during  the  development  program.  The  spin  prevention  system  could 
also  be  referred  to  as  a  departure  recovery  system.  The  prime  reasoning  behind  such  efforts  is  that 
the  spin  has  no  practical  value  and  so  long  as  the  ground  rule  of  not  affecting  the  basic  combat 
maneuvering  envelope  of  the  aircraft  is  not  compromised,  there  is  no  reason  to  have  an  aircraft 
capable  of  proceeding  into  the  flight  regime  beyond  departure  from  controlled  flight. 
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OareUr,  there  are  two  problem  trees  ia  tbs  dereJepsMst  of  satisfartery  sola  previmtioa  systems. 
Tbs  first,  fcszalatioci  of  ssfSieiert  drrrccstrgticn  reqsiresiemts  to  issmre  that  tbs  desfg a  is  adequate 
to  perform  its  Uii,  is  e  new  caceept  wbicb  mast  be  tbsroc^bly  explored.  Efctii  sow,  dsascstretiecs 
cf  critic*!  spins  *cd  recovery  capability  trie  beea  specified  end  appropriate  eatry  aaaesvers, 

eccditiccs,  aad  cgefigtiratices  were  defissd.  Sbs  task  of  defiaiag  fimrstrzticc  reqairemeats 
for  a  departure  eveidsace  system  is  indeed  formidable,  and  considerable  effort  by'twib  gcvermaest 
and  industry  is  required  ia  tbis  area-  Sbs  second  problem  area  is  tbe  design  of  the  system  sash  that 
it  is  totally  reliable,  easy  to  check  out  and  naintaia,  and  free  of  feilure  nodes  which  compromise 
piict/eirplsne  safety. 

6.  H72UH5  HIGH  ASGLS  0?  ATTACK  EFFORT 


At  this  tine  the  state  of  tbe  art  ia  the  prediction  end  measurement  of  high  angle  of  attack 
aerodynamic  characteristics  is  severely  United.  The  test  facilities  currently  available,  while 
performing  an  invaluable  service,  are  inadequate  for  the  future  need  to  provide  sufficient  and 
accurate  data  ia  the  high  Reynolds  and  Mach  number  ranges.  This  includes  both  static  and  dynamic 
eerocynanic  derivative  data.  In  addition,  high  angle  of  attack  neneuvering  guidelines  and  criteria 
now  in  existence  are  totally  inadequate  for  future  aircraft  design.  Considerable  research  and 
testing,  both  ground  and  flight,  are  required  to  provide  the  necessary  qualitative  and  quantitative 
information  necessary,  not  only  for  the  designer,  but  elso  for  the  Navy  personnel  who  must  evaluate 
and  flight  test  the  designs.  The  Naval  Air  Systems  Command  is  currently  in  the  process  of  embarking 
on  a  program  to  provide  specific  aerodynamic  design  guidance  to  aid  in  insuring  that  future  high 
performance  airplanes  will  possess  satisfactory  high  .tr.vlc  of  attack  characteristics  throughout  the 
flight  envelope.  Whereas  most  past  and  current  investigations  have  been  concerned  primarily  with 
spins  and  spin  recovery,  this  program  is  oriented  directly  to  the  regime  between  buffet  onset  end 
departure  from  controlled  flight.  It  is  in  this  area  where  the  primary  air  combat  maneuvers  of 
the  airplane  will  he  performed. 
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Fig.4  Basic  F-4  trimmed  lift  curve 
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PREPARED  COMMENT  ON  PAPER  25 


It  has  not  been  possible  to  prepare  the  text  of  this  contribution  for  inclusion  in  these  proceedings.  However, 
the  salient  points  have  been  embodied  in  Section  4.1  of  the  Technical  Evaluation  Report,  printed  at  the  front  of 
this  volume. 


269 


A 


APPENDIX  A 

DISCUSSIONS 

following  the  presentation  of  papers  at  the 
AGARD  Fluid  Dynamics  Panel  Specialists’  Meeting  on 

FLUID  DYNAMICS  OF  AIRCRAFT  STALLING 

April  1972 
Lisbon,  Portugal 

Compiled  by  Madame  J.Genet,  Secretary  to  the  Panel 


This  Appendix  contains  the  discussions  which  followed  presentation  of  the  papers  at  the  Specialists’ 
Meeting  on  “Fluid  dynamics  of  aircraft  stalling”  held  at  the  Laboratorio  Nacional  de  Enghenaria 
Civil,  Lisbon  on  26-28  April  1972. 

These  discussions  are  transcribed  from  forms  completed  by  the  authors  and  questioners  during  the 
meeting  and  are  keyed  (by  reference  number)  to  the  papers  contained  in  this  Conference 
Proceedings. 


Le  present  Appcndice  est  un  recueil  des  discussions  qui  ont  suivi  la  presentation  des  exposes  a 
l’occasion  de  la  Reunion  des  Experts  tenue  a  la  Laboratorio  Nacional  de  Enghenaria  Civil,  Lisbonne 
du  26  au  28  Avril  1972  et  consacree  au  theme  “La  dynamique  des  fluides  du  decrochage  des  avions”. 

Le  texte  de  ces  discussions  a  ete  transcrit  a  partir  de  fiches  remplies  a  cet  effet  par  les  auteurs  et 
par  ceux  ayant  desire  leur  poser  des  questions.  Les  discussions  sont  numerotees  suivant  les  numeros 
de  references  des  exposes. 
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Discussion  of  Paper  1 

“Review  of  the  Field  (Based  on  AGARDograph  136)” 
presented  by  G.J.Hancock,  UK 


EL.Ericson,  US  (Comments  only):  In  regard  to  Prof.  Hancock’s  call  for  more  attention  to  lateral  flow  effects  on 
stall,  the  straight  wing  space  shuttle  configuration  experienced  (during  drop  tests  of  transition  maneuver)  reattach¬ 
ment  on  one  wing  (half)  before  the  other,  causing  snap  roll  that  cannot  be  controlled.  On  the  delta  planform  space 
shuttle,  use  of  the  lateral  controls  also  cause  asymmetric  flow  breakdown  with  similar  control  problems. 

J.Seddon,  UK:  Commenting  on  the  accident  statistics  shown  by  Mr  T.C.Muse  in  his  prepared  comment,  I  emphasize 
the  importance  which  is  attached  to  the  need  to  cover  the  stalling  problem  as  exhaustively  as  possible  in  the  wind 
tunnel  before  going  into  flight  development.  In  the  UK  we  are  currently  building  a  new  low  speed  wind  tunnel,  the 
case  for  which  is  based  largely  on  the  need  to  achieve  a  Reynolds  number  of  about  6  million  in  order  to  work 
effectively  and  reliably  in  this  area.  This  leads  to  a  question,  since  I  understand  that  NASA  had  some  years  ago  a 
wind  tunnel  of  about  the  same  size  and  capability,  the  use  of  which  has  however  been  discontinued.  Does  this  fact 
indicate  a  belief  that  still  higher  Reynolds  numbers  are  required  for  wind  tunnel  work  at  high  lift  and  stall,  or  that 
perhaps  the  concentration  should  be  on  other  kinds  of  development  work,  e.g.  flight  testing? 

A.Gessow,  US  (Comments  only):  I  would  like  to  comment  in  answer  to  Dr  Seddon’s  question  about  NASA’s  spin 
research  program.  NASA’s  .effort  in  this  area  emphasizes  the  use  of  radio-controlled  aircraft  models  dropped  from 
helicopters  to  study  spin  entry,  spin  characteristics  and  the  effectiveness  of  various  recovery  systems.  In  addition, 
static  and  dynamic  stability  derivatives  having  a  bearing  on  the  stall  are  measured  in  tunnels  with  special  balances  and 
support  systems.  Plans  are  underway  to  install  such  balances  in  a  transonic  tunnel  to  study  scale  and  Mach  number 
effects. 

F.W.Riegels,  Germany:  Mr  Hancock  showed  an  example  by  K.Jacob  who  calculated  pressure  distributions  consider¬ 
ing  the  displacement  effect  of  a  separated  region.  In  this  case  the  separated  region  has  been  approximated  by  a 
source  distribution  on  the  contour  of  the  profile  within  the  separated  region.  This  example  from  1963  works  with 
an  assumed  separation  point.  About  four  years  later  K.Jacob  combined  this  method  with  additional  boundary  layer 
calculations  for  the  changed  pressure  distribution  between  the  stagnation  point  and  a  new  separation  point.  Then  he 
repeated  the  potential  flow  calculation  and  so  on.  With  this  rapidly  converging  method  he  then  calculated  the 
pressure  distributions  for  some  profiles  at  several  angles  of  incidence  and  Reynolds  numbers.  By  integrating  the 
pressure  distributions  he  could  show  the  stalling  qualities  of  the  lift  curve  in  dependence  of  the  Reynolds  number. 
This  work  -  which  could  not  be  continued  on  behalf  of  other  duties  of  K.Jacob  -  has  been  published  as:- 
Theoretische  Berechnung  von  Druckverteilung  und  Kraftbeiwerten  fur  beliebige  Profile  bei  inkompressibler  Stromung 
mit  Ablosung.  A.V.A.  Bericht  67A62,  1967.  Translated  as:  Theoretical  calculations  of  pressure  distribution  and 
force  coefficients  for  any  profile  in  incompressible  flow  with  separation.  ARC  31936,  1970. 


Discussion  of  Paper  2 

“Some  Research  on  Two-Dimensional  Laminar  Separation  Bubbles” 
presented  by  E.Dobbinga,  J.Lvan  Ingen  and  J.W.Kooi,  The  Netherlands 


A.D. Young,  UK:  1  would  first  like  to  congratulate  Prof,  van  Ingen  and  his  colleagues  on  this  excellent  method  for 
visualising  regions  of  separated  flow  and  the  beautiful  pictures  that  they  have  obtained. 

The  authors  indicate  that  they  propose  to  apply  Prof,  van  Ingen’s  method  for  calculating  the  position  of  trans¬ 
ition  in  the  separated  shear  layer.  We  have  tried  to  do  this  for  comparison  with  our  measurements  on  laminar 
separation  bubbles  but  the  results  we  have  obtained  have  not  been  encouraging.  It  is  possible  that  we  have  not 
applied  the  method  properly  and  1  shall  be  glad  to  know  if  Prof,  van  Ingen  has  taken  his  own  calculations  far 
enough  to  feel  confident  about  the  likely  accuracy  of  his  method. 

J.L.van  Ingen,  The  Netherlands:  1  would  like  to  start  by  saying  that  full  credit  for  the  design  and  construction  of 
the  experimental  equipment  should  go  to  the  first  author  of  our  paper,  Mr  Dobbinga. 

Indeed  we  intend  to  try  and  extend  our  transition  prediction  method  for  attached  flow  also  to  the  case  of 
separated  flows. 

About  3  years  ago  I  did  some  rough  calculations  for  the  large  cylinder.  I  think  I  showed  them  at  the  Euromcch 
Colloquium  in  1969  in  Sweden.  The  calculations  had  to  be  very  rough  because  we  did  not  have  available  the  proper 
stability  diagrams.  The  results  were  promising  to  some  extent.  However,  we  have  not  yet  worked  this  out  so  far 
that  we  can  be  confident  about  final  success. 
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It  Is  vay  important  however,  that  one  applies  the  right  stability  diagrams.  From  recent  results  obtained  by 
Wsnm,  Smith  et  aL,  it  follows  that  the  stability  diagram  for  the  Hartree  separation  profile  differs  considerably 
from  th3t  calculated  earlier  by  Pretsch.  So,  it  would  be  important  to  know  which  stability  diagrams  have  been 
used  in  your  investigation. 

A-D.Young,  UK:  We  used  calculated  stability  characteristics  denied  in  the  standard  manner  for  profiles  approxi¬ 
mating  the  measured  ones.  As  I  said  earlier,  we  got  poor  agreement  at  the  measured  transition  positions  for  the 
van  Ingen  amplification  factor  as  compared  with  the  value  derived  for  attached  boundary  layers.  However,  it  is 
possible  that  our  calculations  of  the  stability  characteristics  were  too  crude. 

G.F.Mcss,  UK:  I  wonder  whether  we  could  try  to  link  these  studies  with  boundary  layer  conditions  at  the  point 
of  the  stall  cn  a  wing.  In  model  experiments  we  often  have  to  accept  that  transition  occurs  at  a  laminar-separation 
bubble  near  the  leading  edge.  On  the  other  hand,  at  full-sea.-  conditions,  transition  will  occur  at  a  point  nearer  to 
the  stagnation  point,  if  indeed  any  laminar  flow  occurs  at  alL  The  experiments  described  in  this  paper  all  use  arti¬ 
ficially  induced  separations  in  the  laminar  layer,  except  for  the  cylinder  where  large-scale  separations  occur  making 
this  also  a  special  case.  I  would  like  to  ask  whether  in  the  speaker's  experience  there  is  any  difference  between  the 
boundary  layer  characteristics  further  aft  of  the  separation  point  between  the  cases  where  separation  is  induced 
artificially  and  those  where  it  occurs  naturally. 

J.L.van  Ingen.  The  Netherlands:  In  the  experiments  we  dealt  with  natural  separation  on  the  one  hand  and  artificially 
induced  separation  on  the  other. 

Both  cases  can  best  t-  compared  using  the  results  for  configurations  (e)  and  (0-  Here  we  have  separation  at 
the  same  streamwise  position  on  the  same  flat  plate.  For  configuration  (e)  separation  was  induced  in  a  more  or  less 
natural  way  by  means  of  auxiliary  airfoils.  For  configuration  (f)  a  whole  series  of  steps  with  different  heights  h 
was  used,  it  was  found  that  the  separation  angle  y  was  independent  of  h  ,  so  long  as  h  is  sufficiently  large 
compared  to  the  boundary  layer  thickness. 

The  separation  angle  y  for  configurations  (e)  and  (0  is  sufficiently  in  agreement  to  state  that  y  does  not 
stem  to  depend  on  the  way  in  which  separation  is  induced. 

Of  course  this  agreement  only  concerns  the  first  part  of  the  separation  bubble;  as  soon  as  we  start  talking 
abcut  transition  and  reattachment  it  is  obvious  that  we  can  only  consider  the  case  of  natural  separation. 

JJ.D.Domingos,  Portugal:  I  think  that  your  theoretical  considerations  have  questionable  basis  apparently  due  to  a 
generalized  misstatement  of  the  mathematical  and  physical  problem: 

1.  The  singularity  at  the  wall  referred  to  in  §  2  seems  to  be  due  to  the  expansion  method  of  Goldstein  and  others, 
and  not  to  the  basic  boundary  layer  equations  themselves. 

Z  After  separation  the  boundary-layer  equations  are  no  longer  valid  as  a  physical  approximation;  also  from  a 
mathematical  point  of  view,  they  have  no  solution  in  the  usual  sense. 

3.  Similar  solutions  and  the  “second  branch”  of  the  solution  of  the  Falkner-Skan  equation  have  no  real  physical 
meaning  because  a  similar  solution  is  always  a  very  peculiar  one  because  :t  only  exists  for  special  initial/boundaiy 
conditions.  In  particular  for  the  case  under  discussion,  if  we  started  from  a  similar  profile  just  behind  separation, 
introduced  a  small  perturbation  and  proceeded  with  3  formal  solution  it  would  be  seen  that  the  solution  will  be 
unstable  in  a  mathematical  sense.  This  means  that  the  similar  solution  on  the  verge  of  separation  corresponds 
in  fact  to  an  unstable  solution. 

Wc  mean  unstable  in  a  mathematical  sense.  Physically  this  instability  can  mean  transition  or  not.  If  not,  the 
flow  would  be  well  discussed  by  the  “laminar  solution”  of  elliptic  problems  which  arise  when  full  account  is 
taken  of  the  two  momentum  equations. 

4.  Numerical  methods,  as  long  as  you  arc  in  laminar  flow,  if  properly  understood  and  used  can  do  very  well  both 
in  accuracy  and  generality.  My  comments  should  be  taken  in  the  sense  that  your  experimental  results  deserve 
a  wider  scope  of  interpretation  and  generalisation. 

*.L.van  Ingen.  The  Netherlands: 

1.  I  do  r.ot  agree  with  your  remark.  I  think  that  the  essentials  of  Goldstein’s  results  are  confim  ed  by  the  accur¬ 
ate  numerical  calculations  of  Leigh,  Terril  and  others. 

Z  Of  course  there  is  an  -pstream  effect  in  the  separation  region  so  that  parabolic  equations  cannot  be  used.  This 
however  is  true  for  the  attached  flow  as  welL  The  “elliptic”  aspects  for  foil  calculations  get  in  because  the 
boundary  layer  characteristics  at  the  trailing  edge  determine  the  upstream  pressure  distribution.  Hence  for 
airfoil  calculations  the  patrrbolic  system  of  boundary  layer  equations  can  only  produce  good  results  by  an 
iterative  process  where  in  turn  pressure  distribution  and  boundary  layer  calculations  are  made.  Moreover  it 
should  be  understood  that  our  work  does  not  intend  to  give  more  than  engineering  accuracy. 
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3.  Of  course  I  know  the  difference  between  similar  and  non-similar  solutions  of  the  boundary-layer  equations.  In 
approximate  solutions  of  the  boundary-layer  equations  we  use  “interpolating  functions”  to  represent  the  velocity 
profiles.  That  these  functions  are  sometimes  taken  from  a  series  of  similar  solutions  does  not  imply  that  these 
could  only  be  applied  to  similar  boundary  layers. 

4.  No  comment  is  required. 

RSchlichting,  Germany:  1  would  like  to  make  a  very  short  remark.  For  calculating  the  position  of  the  point  of 
transition  from  laminar  to  turbulent  flow  from  the  velocity  profile  in  the  boundary  layer  of  the  bubble,  the  degree 
of  turbulence  of  the  outer  flow  is  a  very  important  parameter. 

This  has  not  yet  been  mentioned  up-to-now.  The  distance  of  the  transition  point  from  the  instability  point 
depends  very  strongly  on  this  parameter,  decreasing  very  considerably  with  increasing  degree  of  turbulence.  There 
•  is  a  diagram  about  this  subject  in  the  latest  English  Edition  of  my  book. 

J.Lvan  Ingen,  The  Netherlands:  Yes,  I  agree  with  you  that  the  turbulence  level  in  the  outer  flow  has  an  important 
influence  on  the  distance  between  the  points  of  instability  and  transition.  It  should  be  understood  that  in  our 
paper  we  assumed  a  very  low  degree  of  turbulence  in  the  outer  flow  as  is  the  case  in  flight  and  in  a  good  low  speed 
wind  tunnel.  I  think  that  wc  could  take  into  account  the  influence  of  turbulence  level  on  the  amplification  factor 
at  transition  using  the  figure  in  your  book  which  you  mentioned. 

Ref.  Book:  “Boundary  Layer  Theory”  (1968),  H.H.Schlichting. 

J.Seddon,  UK:  Mention  was  made  by  Prof,  van  Ingen  (only  in  passing)  that  the  pressure  at  reattachment  might  be 
expected  to  be  close  to  the  value  corresponding  to  full  recovery  without  separation.  If  the  boundary  layer  at 
reattachment  is  turbulent,  I  think  such  a  statement  is  untenable.  By  definition,  the  reattachment  profile  will  have 
zero  slope  at  the  surface,  denoting  zero  skin  friction,  and  it  follows  that  substantial  pressure  recovery  will  take 
place  downstream  of  this  point  before  a  normal  turbulent  profile  is  restored.  Perhaps  Prof,  van  Ingen  would  like 
to  comment  on  this  but  my  question  is  a  general  one  to  the  meeting,  namely  to  ask  whether  workers  in  any  area  are 
studying,  or  intending  to  study  such  reattachment  aspects  of  separated  flow,  particularly  at  subsonic  speeds. 

J.Lvan  ingen.  The  Netherlands:  I  think  I  said  “that  people  like  to  think”  that  the  pressure  comes  back  to  the 
curve  for  unseparated  flow.  I  think  that  for  not  too  extensive  busbies  this  might  be  a  reasonable  engineering 
approximation.  However,  I  agree  that  much  more  research  should  be  done  in  this  field. 

We  do  not  intend  to  do  this  type  of  research  in  the  near  future.  We  will  concentrate  first  on  separation  and 
transition  prediction. 

RSchlichting,  Germany  (Comments  only):  Dr  Seddon  has  raised  the  question  of  the  pressure  distribution  on  a 
profile  in  the  vicinity  of  a  separation  bubble.  I  agree  that  this  pressure  distribution  cannot  be  calculated  by 
theoretical  methods  only.  This  problem  is  very  important  in  the  Reynolds  number  range  (based  on  profile  chord) 

Re  =  10s  to  106.  This  Reynolds  number  range  is  practically  very  important  for  cascade  blades  of  turbomachines. 

In  Braunschweig  in  recent  years  we  have  carried  out  a  research  programme  which  deals  with  the  aerodynamic 
coefficients  of  cascades  (especially  loss  coefficients)  where  separation  bubbles  ar.d  their  dependence  on  Reynolds 
number,  Mach  number  and  turbulence  level  are  involved.  The  experimental  part  of  this  programme  was  carried 
out  in  the  Variable  Density  High  Speed  Cascade  Wind  Tunnel,  in  which  the  Reynolds  number  and  the  Mach  number 
can  be  varied  i-dcpendentlv. 

This  field  has  been  discussed  at  some  length  at  the  Joint  Meeting  of  the  Fluid  Dynamics  Panel  and  the  Propul¬ 
sion  and  Energetics  Panel  on  “Boundary  Layers  in  Turbomachines”  which  was  held  last  week  at  ONERA,  Paris. 

ICGersten,  Germany:  Did  you  take  into  account  the  displacement  effect  of  the  boundary  layer  in  your  calculation 
of  the  pressure  distribution?  Especially  for  the  determination  of  the  separation  point  the  higher  order  effects,  here 
mainly  due  to  displacement,  arc  supposed  to  be  quite  important 

J.Lvan  Ingen,  The  Netherlands:  The  pressure  distribution  was  only  calculated  for  the  separated  region.  The  bound¬ 
ary  layer  upstream  of  the  separation  point  was  calculated  from  the  measured  pressure  distribution  which  of  course 
contain;  the  displacement  effect 

The  calculation  of  the  separated  flow  was  based  on 

1.  the  value  of  (Rfl)^ 

2.  the  empirical  correlation  between  y  and  (Rg)^ 

3.  the  physical  observation  that  the  separation  streamline  appears  to  be  straight  over  a  considerable  distance. 

All  these  three  factors  c-nuain  the  displacement  effect  implicitly,  I  think. 

I  agree  with  you  that  for  a  calculation  which  starts  from,  for  example  air  foil  coordinates,  the  displacement 
effect  should  be  included. 
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Written  comments  received  from  Prof.  J.J.D. Domingos,  Portugal,  relating  to  Papers  No.  2  (and  5). 

1.  In  a  session  devoted  to  Basic  Fluid  Dynamics  I  think  it  is  a  disturbing  fact  that  loosely  defined  concepts  have 
been  used  and  abused,  and  what  should  be  a  scientific  discussion  risks  becoming  an  untractable  probleip  in 
semantics!  So  to  lay  down  a  common  basis,  let  us  try  to  clarify  ideas  thinking  first  of  purely  laminar  flow  in 
two  dimensions. 

If  we  accept  the  Navier-Stokes  equations,  the  flow  is  described  by  two  momentum  equations  and  a  conserva¬ 
tion  of  mass  equation.  These  equations,  if  time  dependent  form  a  parabolic  set  in  time  (time  appears  only  in 
a  first  order  derivative).  If  steady  state  (time  independent)  the  set  of  equations  is.  elliptic.  Elliptic  equations 
need  for  their  solution  the  specification  of  velocities  over  all  the  boundaries  (upstream,  downstream,  wall, 
inviscid  stream  .  . ).  Prandtl  simplified  these  elliptic  set  to  the  boundary  layer  form  neglecting  second  order 
derivatives  in  Uie  main  streamwise  direction.  Physical  justification  implied  small  crossflow.  The  mathematical 
consequence  is  that  the  equations  become  parabolic  in  the  x-coordinate  and  as  such,  downstream  boundary 
conditions  are  not  needed. 

When  we  approach  separation  the  physical  justification  breaks  down  .  .  .  and,  it  seems,  the  first  confusing  point 
appeared  because  people  started  thinking  that,  if  the  crossflow  is  taken  into  account  and  the  pressure  gradient 
“adjusted”,  all  the  predictive  value  of  boundary  layer  theory  could  be  recovered.  What  has  been  forgotten  is  • 
the  fact  that  when  separation  appears,  U  becomes  negative  and  with  or  without  crossflow  of  any  magnitude, 
the  boundary  layer  equations  from  a  strictly  mathematical  point  of  view  become  a  completely  different  problem. 
This  change  in  the  mathematical  behaviour  is  similar  to  a  heat  conduction  problem  in  which,  at  a  certain  time, 
the  thermal  conductivity  becomes  negative.  The  conclusion  is  that  no  parabolic  set  can  describe  a  velocity 
field  with  U  <  0  .  So  all  methods  including  integral  methods  (which  are  approximate  .  .  .)  which  start  from 
rhe  parabolic  set  (which  are  the  boundary  layer  equations)  are  basically  wrong,  and  would  never  .be  able  to  ' , 
predict  with  generality.  And  if  some  authors  claim  success  with  some  form  of  integral  method,  the  reason  is 
to  be  found  elsewhere  (the  empirical  input  impliditly  through  the  profile,  or  explicitly  in  adjustable  constraints 
which  compensate  for  partic  liar  cases  and  in  a  devious  way  compensate  for  the  basic  errors  involved  in  the 
starting  equations).  1 

2.  If  we  take  this  mathematical  background  I  think  that  we  should  take  as  a  definition  of  separation  that  region 
where  U  <  0  ,  in  which  both  physically  and  mathematically,  the  boundary-layer  equations  break  down  (we 
can  also  call  these  regions  bubbles,  recirculation  regions,  etc.). 

How  can  we  predict  these  effects? 

(a)  Inside  the  bubble  or  separated  region  there  is  no  way  out  -  the  elliptic  problem  must  be  solved  and 
boundary  conditions  shall  be  given  all  around  its  boundary; 

(b)  Outside,  the  boundary  layer  equations  can  be  used  but  a  boundary  condition  shall  be  given  all  around  the 
bubble  (this  creates  a  matching  problem  .  .  .). 

Practically,  because  the  boundary  layer  equations  are  no  more  than  a  simplification  of  the  elliptic  problem,  we 
can  solve  the  whole  flow  as  an  elliptic  set  This  can  be  done  (and  has  been  done)  by  purely  numerical  methods. 
If  computer  capacity  or  time  is  a  problem  (a)  and  (b)  are  combined  and  the  matching  found  by  iteration.  A 
more  simplified  approach  can  also  be  suggested  in  which  the  elliptic  Set  is  tackled  by  an  approximate  method 
of  the  weighted  residuals  variety  (of  which  the  von  Karrian-Polhausen  method  is  a  particular  case)  which  will 
constitute  the  natural  way  of  implementing  the  integral  methods  used  by  the  authors  on  a  firm  foundation. 

3.  If  our  proposal  is  clear,  we  can  to  the  second  troublesome  point  which  comes  from  the  fact  that  separation 
is  usually  associated  with  transition  from  laminar  to  turbulent  flow  vvh’ch  seems  to  induce  the  tendency  to 
confuse  one  problem  with  the  other. 

In  fact,  if  we  use  time  mean  averages  for  the  description  of  turbulent  flow,  what  we  already  said  regarding  the 
definition  of  separation  (i.c.  U  <  0)  applies  equally  well  for  laminar  and  turbulent  boundary  layer  theory. 

So.  let  us  separate  the  concepts  of  separation  and  transition.  If  we  agree  in  doing  so  we  will  cease  blaming 
urbulcncc  models  (mixing  length,  etc.)  within  the  boundary  layer  scope  as  responsible  for  failure  of  prediction 
methods  in  bubbles. 

A  reason  to  blame  only  comes  when  we  have  a  methou  (and  indeed  we  already  have)  to  solve  accurately  the 
elliptic  problem.  W*  have  taken  a  long  time  and  have  still  not  avoided  being  sketchy  .  Wc  hope  however  that 
all  of  us  recognize  that  clearing  the  connection  between  the  phy.ics  and  the  mathematics  of  the  problem  can 
only  help  towards  a  further  understanding 
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Discussion  of  Paper  3 

“Recherches  Theoriques  et  Experimental  sur  ies  Decollemenis 
Lies  a  une  Deformation  Locale  de  Surface” 
presente  par  S.Bumel,  G.B.Diep,  P.Gougat  et  B.Pmnet-Foch,  France 


K.Gersten,  Germany:  Have  you  taken  into  account  any  displacement  effect  of  the  boundary  layer  on  the  outer 
flow  velocity  distribution? 


% 
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S.Bumel.France:  Le  travail  que  nous  avons  presente  ici  avait  pour  but  de  mettre  en  evidence  la  presence  de  micro- 
decollements  dans  les  creux  de  sinusoldes  presentant  un  rapport  amplitude  sur  longueur  d’onde  tres  faible.  Les 
resultats  obtenus  par  le  calcul  etant  deja  en  bon  accord  avec  ce  que  nous  a  montre  1’experience,  nous  n’avons  pas 
juge  utile  d’ajouter  une  correction  due  a  l’epaisseur  de  couche  limite. 
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Discussion  of  Paper  5 

“Prevision  du  Decrochage  d’un  Profile  d’Aile 
en  Ecoulement  Subcritique” 
present^  par  M.Vincent  de  Paul,  France 


M.Lazareff,  France:  L’auteur  nous  a  montre  de  bonnes  confrontations  concemant  le  Czmax.  ,  entre  les  elements 
theoriques  proposes  et  l’experience.  il  est  suggere  que  le  coefficient  de  moment  de  tangage  sont  aussi  soumis  a  des 
confrontations;  en  effet  ce  dernier  param^tre  est  certainement  beaucoup  plus  sensible  que  le  Cz  ,  tant  en  present¬ 
ant  un  interet  majeur  pour  l’ingenieur. 

M. Vincent  de  Paul,  France:  Le  coefficient  du  moment  de  tangage  Cm  est  plus  delicat  a  calculer.  II  faut  en  effet 
pouvoir  prevoir  avec  suffisamment  de  precision  l’ecoulement  dans  la  region  du  bord  de  fuite.  Nous  etudions  actuel- 
lement  ce  prob.eme. 

A.D. Yeung,  UK:  What  were  the  assumptions  made  regarding  the  reattachment  of  the  turbulent  shear  layer  at  the 
rear  of  the  bubble  which  enabled  you  to  determine  the  reattachment  point? 

I 

M.Vincent  de  Paul,  France:  II  y  a  deux  hypotheses  principals  en  ce  qui  conceme  le  point  dc  recollement  R  : 

1.  Le  profil  de  vilesse  est  suppose  connu  (cf  Annexe  II  5  lb); 

2.  La  vitesse  en  ce  point  R  est  supposee  etre  sur  !a  courbe  des  vitesses  en  fluide  parfait. 
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Discussion  of  Paper  6 

“Parametric  Studies  of  Separating  Turbulent  Boundary 
Layer  Flows” 

presented  by  A.Wortman  and  W.J.Franks,  US 


K.Gersten,  Germany:  You  changed  your  turbulence  model  in  the  neighbourhood  of  the  separation  point.  Therefore 
you  have  another  free  parameter  in  your  calculation,  namely  the  position  of  the  change  of  the  model.  How  did  you 
determine  this  position  and  what  is  the  effect  of  this  position  on  the  location  of  the  separation  point? 
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A-Wortman,  US:  We  used  several  turbulence  models  to  convince  ourselves,  that  we  do  not  have  a  generally  satis¬ 
factory  eddy  viscosity  relation.  In  our  study  we  showed  that  the  Lces-AIber  mode!  developed  specifically  for 
computing  separation  does  not  give  correct  trends  with  Mach  number  cooling  etc.,  but  used  it  only  because  of  lack 
of  anything  better.  It  is  not  possible  to  get  a  smooth  match  when  crossing  over  from  one  eddy  viscosity  model  to 
anc  J:cr,  and  the  location  of  separation  is  a  rather  strong  function  of  the  location  of  the  cross-over  point  on  the 
wing.  Realizing  that  the  boundary  layer  approach  to  prediction  of  separation  is  at  best  a  rather  crude  engineering 
approximation  we  wanted  to  show  that  we  don't  even  have  a  satisfactory  eddy  viscosity  model  an  j  thus  all  the 
current  calculations  represent  neither  an  engineering  nor  a  theoretical  contribution  of  any  significant  value.  With 
our  presentation  we  hope  to  stimulate  the  development  of  more  satisfactory  eddy  viscosity  models. 
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Discussion  of  Paper  8 

“Comments  on  the  Methods  Developed  at  the  NLR  for  Conducting 
Two-Dimensional  Research  on  High-Lift  Devices” 
presented  by  O.  de  Vries,  The  Netherlands 


D.N.Foster,  UK:  I  would  like  to  explain  why  RAE  adopted  the  wall  boundary  layer  control  fBLC)  by  suction 
technique.  Go:  first  real  attempt  to  produce  two-dimensional  flow  was  for  a  wing  with  BLC  over  a  flap  by  blow¬ 
ing.  We  had  installed  a  wall  BLC  system  using  blowing,  but  found  that  the  wall  BLC  interfered  with  the  wing 
BLC  to  cause  detachment  of  the  flow  over  the  flap.  We  have  therefore  adopted  a  suction  system,  which  we  feel 
gives  a  smooth  control  of  the  wall  separations. 

I  would  also  like  to  ask  about  the  two-dimensionality  of  the  flow  downstream  of  the  trailing  edge.  Some  two 
years  ago  NLR  published  resuits  for  the  drag  of  the  wing  sections,  as  obtained  by  the  wake  survey  method,  and 
showed  large  variations  across  the  span  for  a  wing  without  wall  BLC.  Can  you  say  if  these  results  are  repeated  when 
wall  BLC  is  used? 

O.  de  Vries,  The  Netherlands:  The  variations  of  the  wake  drag  across  the  span  of  a  two-dimensional  wing  at  high- 
lift,  originates  probably  from  irregularities  in  the  boundary  layer  of  the  wing,  or  from  three-dimensional  effects 
introduced  in  the  wake  by  the  flap  and  slat  brackets,  which  are  necessary  at  several  spanwise  stations  of  the  model 
and  leads  to  clustering  of  the  wake  at  definite  spanwise  stations  by  secondary  flow. 

There,  is  no  indication  that  these  three-dimensional  wake  effects  originate  from  the  wing-wall  junctions,  because 
wall  BLC  did  not  diminish  this  effect. 

P. Carriere,  France:  Le  parametre  X  utilise  par  l’auteur  n’est  qu’un  repere  pour  un  montage  experimental  determine. 
L’auteur  pourrait-il  indiquer  le  rapport  des  surfaces  de  fente  et  de  la  surface  de  1’^iie,  ae  maniere  a  permettre  de 
generaliser  1’influence  de  X  dans  d’autres  situations? 

O.  de  Vries,  The  Netherlands:  The  slot  width  is  about  2  mm,  the  leading  edge  slot  is  about  0.2  m  long  and  the  slot 
at  the  shroud  extends  about  0.2  m  above  the  upper  surface  and  about  0.1  m  below  the  lower  surface.  The  wing 
surface  (flaps  retracted)  is  0.6  x  2.1  =  1.26  m2.  The  lengths  of  the  blowing  slots  are  not  critical.  It  was  not  our 
purpose  to  develop  an  optimal  wall  blowing  system.  We  were  satisfied  with  a  rather  crude  system,  which  could  be 
applied  to  different  configurations,  without  extensive  supplementary  tests. 

V.  de  Brederode,  Portugal:  According  to  our  findings  on  the  behaviour  cf  the  flow  down  a  two-dimensional  back¬ 
ward-facing  step,  a  quite  undetectible  convergence  or  divergence  of  the  flow  on  the  centre  part  of  the  separation 
bubble  was  associated  with  appreciably  large  changes  in  entrainment  rate  near  the  corners  in  such  a  way  that, 
although  we  could  assume  the  flow  on  the  centre  region  was  very  nearly  two-dimensional  from  a  geometrical  point 
of  view,  the  measured  values  of  base  pressure  coefficient  and  reattachment  distance  did  not  correspond  to  the 
aerodynamically  two-dimensional  case,  i.c.  to  the  infinitely  long  case,  the  small  convergence  or  divergence  of  the 
flow  altering  the  supply  of  fluid  to  the  recirculating  region  and  thus  greatly  affecting  its  size.  So  I  wonder  what 
would  be,  in  your  opinion,  the  degree  of  reliability  if  the  two-dimensional  data  -  such  as  CLmax  -  obtained  when 
using  your  tunnel  wall  boundary  layer  control  set-up  in  the  more  demanding  situation  of  an  aerofoil  exhibiting,  for 
example,  a  long  bubble  burst  type  of  stall. 

O.  de  Vries,  The  Netherlands:  I  agree  that  wall  blowing  might  affect  the  flow  inside  a  separation  bubble,  especially 
when  considering  a  long  bubble.  However,  quite  a  number  of  the  wing  sections,  which  wt  have  tested  with  the  wall 
blowing  set-up,  showed  a  leading  edge  s'all.  Flow  visualisation  tests  did  not  show  any  cross-flow  before  the  stall,  so 
we  believe,  the  influence  cannot  be  large.  We  have,  however,  no  experience  with  a  long  bubble  on  the  wing  upper 
surface.  In  addition,  it  must  be  pointed  out.  that  beyond  the  stall,  the  flow  is  nc  longer  two-dinicnsiona!  with  wall¬ 
blowing. 

A.D.Young,  UK:  Are  you  proposing  to  include  viscous  effects  in  your  calculation  methods  in  due  course? 

I  note  that  in  your  diagrams  the  theoretical  pressure  distributions  do  not  show  pressure  coefficients  of  unity  at 
the  trailing  edge  as  expected  for  inviscid  flow,  but  instead  show  coefficients  more  nearly  those  of  experiment.  Can 
you  explain  this? 

O.  de  Vries.  The  Netherlands:  We  will  certainly  include  viscous  effects  in  our  calculations  in  due  course  In  effect, 
some  of  us  arc  working  in  this  field  already  (displacement  effects,  turbulent  boundary  layers!.  The  complete  calcula¬ 
tion  of  the  8L  flow  around  a  multiple  aerofoil  has  to  incmdc  a  lot  of  empirical  data.  The  big  difficulty  is  to  evalu¬ 
ate  »hc  range  of  applicability  of  the  empirical  relations  and  it  will  take  much  time  to  gather  the  experience 

There  arc  lively  discussions  at  our  laboratory  on  the  question  of  the  mosi  efficient  way  to  proceed,  in  view  of 
the  limited  capacity  available  at  our  laboratory. 

Your  vecond  question  can  be  answered  by  pomting  out.  that  vith  a  panel  method,  the  pressure  is  eai.  uijted  at 
the  mid-points  o(  ihc  panels 
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To  approximate  the  pressure  at  the  trailing  edge  sufficiently  accurately,  one  has  to  use  a  very  fine  panel 
distribution  at  the  trailing  edge. 

Because  we  know  a  priori,  that  the  pressure  coefficient  at  the  trailing  edge  is  unity,  we  did  not  calculate  this 
pressure  and  omitted  it  in  the  figures. 


Discussion  of  Paper  9 

“Corrections  de  Blocage  dans  les  Essais  en  Souffleries  - 
Effets  dus  aux  Decollements” 
presente  par  J.C.Vayssaire,  France 


J.Mannee,  The  Netherlands:  The  separation  drag  is  related  in  the  paper  to  the  difference  between  the  theoretical 
drag  (from  the  theoretical  polar)  and  the  measured  drag.  However,  when  separation  starts  on  part  of  the  wing,  does 
not  the  change  in  lift  distribution  on  the  wing  change  the  induced  drag,  thus  making  this  way  of  estimating  the 
separation  drag  inaccurate  (especially  at  very  hi’h  values  of  the  lift  coefficient)? 

J.C.Vayssaire,  France:  Votre  intervention  est  tres  interessante  car  elle  me  permet  de  developper  pour  le  cas  des 
Cz  eleves  (e’est-a-dire  superieuis  a  3)  l’une  des  applications  pratiques  du  principe  enonce  dans  le  paragraphe  4.3  et 
resume  par  la  figure  11.  II  est  toujours  possible  de  faire  p  sser  une  parabole  theorique  parmi  les  points  experimen- 
taux  d’une  polaire  limites  par  un  Czu  superieur  et  un  Czu  inferieur  sans  pour  cela  connaitre  les  valeurs  des  Cxm 
et  Czm  .  On  peut  egalement  determiner  cette  parabole  en  l’absence  de  la  connaissance  du  Czu  inferieur,  lorsque 
le  montage  experimental  ou  la  balance  ne  le  permet  pas.  Ce  fut  le  cas  pour  les  demi-maquettes  dans  la  soufflerie 
basse  vitesse  N?1  de  l’lnstitut  Acrotechnique  de  Saint-Cyr. 

Ce  fut  aussi  le  cas  pour  la  soufflerie  24  de  ce  meme  Institut. 

L’estimation  du  Cxd  par  ce  procede  et  les  resultats  ainsi  obtenus,  compares  a  d’autres  resultats,  sont  tres 
satisfaisants. 

En  resume,  on  confond  !a  parabole  avec  la  partie  superieure  de  la  polaire  eventuellement  deja  influencee  par  de 
leg  rs  decollements.  Ces  decollements  ne  modifient  que  la  valeur  de  l’allongement  equivalent  mais  n’ont  rien  de 
commun  avec  les  decollements  du  type  d’eau  nierte  qui  aplatissent  tres  rapidement  la  polaire  experimentale. 

Ce  procede  est  en  experimentation  comparee  dans  plusieurs  souffleries  en  vue  de  la  generalisation  de  son 
utilisation  poe.  les  tres  hauls  Cz  . 

On  doit  preciser  qu’il  s’agit  de  hauts  Cz  obtenus  par  “voie  aerodynamique  pure”  et  non  par  soufflage  ou  tout 
autre  apport  d’energie  exterieure. 


Discussion  of  Paper  10 
Aerodynamics  of  High-Lift  Airfoil  Systems 
presented  by  A.M.O.Smith.  US 


J.Seddon,  UK:  The  description  of  the  multiple  effects  of  gaps  is  highly  interesting  and  informative  bu.  it  leaves  a 
residual  question.  In  the  process  of  extending  a  slat  or  flap,  both  the  chord  length  and  camber  shape  of  the  overall 
system  are  thereby  altered  significantly  -  is  it  possible  to  sa;  to  wha»  extent  the  improved  lift  characteristics  arc  due 
to  these  changes  and  to  what  extent  the  ai  gaps  themselves  arc  responsible? 

A  M.O.Smith.  US:  An  airfoil  is  normally  designed  for  cruise,  so  that  maximum  lift  is  low.  To  get  high  lift  th‘ 
shape  must  tic  changed.  How  should  it  be  changed?  That  is  the  question  underlying  my  paper.  In  the  full  paper  I 
show  that  slots  arc  advan.agcous.  The  limiting  lift  coefficient  is  not  known  (with  fully  attached  flow)  for  a  2.  3  cr 
4  element  air  foil  bu<  C;  =  4  is  often  reached,  based  on  the  extended  chord  (and  at  least  3.5  with  fully  attached 

‘-mix 

flow),  it  is  near  5  based  on  the  original  chord.  The  best  possible  section  lift  with  fully  atta.hed  flow  on  a  single 
clement  airfoil  is  about  3.06  at  R(  =  5  million  With  a  reasonable  thickness  as  in  Figure  17  a  is  only  2.31  Wind 
tunnel  tests  found  the  maximum  lift  to  be  about  0  -1  higher  than  this  design  lift  This  value  is  still  far  below  what  a 
slotted  airii.il  van  do.  ana  it  l.  some  kind  of  upper  limit  HensC  I  think  we  have  shown  that  slots  arc  advantageous, 
even  the  ugh  we  have  no  similar  ineorclisal  limits  \\c  3rc  just  beginning  an  ONR  contrast  on  the  two-element 
prohlc.-  and  w  th  Imk  we  may  be  able  to  ••staHiih  an  upper  limit  for  a  two-clement  airfoil  along  the  same  lines  as 
Dr  liehcck  has  done  for  a  single  element  airfoil 
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W.D.Horsfield,  UK:  in  the  correlation  of  calculated  and  experimental  separations  did  the  calculated  separations  use 
experimental  upstream  boundary  layer  data  such  as  measured  transition  point? 

A.M.O.Smith,  US:  The  correlation  curve  represents  a  variety  of  data.  In  some  cases  transition  was  known  experi¬ 
mentally.  Then  that  knowledge  was  used.  In  most  cases  it  was  not  and  then  Michel’s  method  of  predicting 
transition  was  used.  Separation  is  less  sensitive  to  errors  in  predicting  transition  points  than  in  the  prediction  of 
drag.  Otherwise  the  boundary  layer  calculations  were  a  conventional  calculation  of  laminar  flow,  then  turbulent 
flow  subject  to  the  impressed  pressure  distribution,  at  the  proper  Reynolds  number  right  to  the  separation  point. 

All  the  data  shown  is  at  M  =  0  ,  in  Figure  5. 

D.M.McRae,  UK:  Can  Mr  Smith  comment  on  how  pessimistic  the  Stratford  optimum  rise  data  is?  Perhaps  I  may 
ouote  the  Stratford  linear  rise  data  for  comparison?  Consider  an  aerofoil  12%  thick  with  a  60%  roof  top  and  a 
trailing  edge  Cp  of  about  +0.25.  Stratford’s  linear  rise  data  state  that  such  an  aeiofoJ  would  be  in  separation 
troubles  at  all  Reynolds  numbers  less  than  ICO  x  106  v/hereas  in  fact  such  aerofoils  are  c«rtwaly  satisfactory  at 
6  x  10s  and  possibly  at  1.0  x  106.  Thus  there  is  a  margin  of  at  least  30  fold  in  Reynolds  number  in  the  linear 
case.  What  indications  of  margin  are  there  for  the  optimum  rise  case? 

A.M.O.Smith,  US:  I  am  surprised  that  you  find  separation.  The  airfoil  in  Figures  21  and  22  of  my  paper  does  not 
quite  show  separation  according  to  our  own  partial  differential  equation  method,  and  I  would  not  expect  the 
Stratford  method  to  differ  greatly.  Notice  its  pressure  at  the  trailing  edge  is  Cp  =  +0.25  just  like  you  mentioned, 
but  the  rooftop  is  far  different.  Our  experience  is  that  the  Stratford  limiting  pressure  rise  is  conservative.  For  the 
airfoil  similar  to  that  in  Figure  1 7,  we  designed  it  for  a  laminar  rooftop  and  a  Reynolds  number  of  2  million.  In 
tests  it  worked  well  at  1  million.  Bu‘  when  we  tripped  the  boundary  layer  at  1  million  it  did  not  work.  This  is 
some  kind  of  a  measure  of  conservatism.  More  is  shown  by  Figures  1,  2,  3,  4  and  Reference  3. 

A.D. Young,  UK:  In  connection  with  the  point  raised  by  Dr  Seddon  I  would  like  to  refer  to  some  pre-historic 
analysis  of  mine  made  many  years  ago  on  various  jorms  of  flaps  and  slats.  From  that  analysis  it  was  clear  that  one 
could  simplify  the  process  of  predicting  the  aerodynamic  characteristics  of  such  devices  by  using  the  concept  of 
effective  chord  which  allowed  for  the  associated  changes  of  chord  and  area  when  the  devices  were  extended.  How¬ 
ever,  having  said  that  there  remained  clear  advantage  arising  from  the  slots  and  the  effectively  gentle  camber  changes, 
if  these  were  well  designed,  and  these  advantages  could  be  quantified  on  the  basis  of  empirical  data  as  well  as  theory. 

Mr  Smith  has  demonstrated  that  from  the  point  of  view  of  efficiency  of  pressure  recovery,  aerofoils  with  a 
concave  form  of  pressure  distribution  over  the  rear  were  better  than  aerofoils  with  a  convex  form  of  pressure  distri¬ 
bution.  However,  many  years  ago  Squire  and  I  produced  a  paper  which  showed  on  the  basis  of  a  plausible  argument 
backed  by  experimental  data  that,  with  the  former  type  of  pressure  distribution  we  can  expect  a  much  more  rapid 
forward  movement  of  separation  with  increase  of  incidence  than  with  the  latter,  and  hence  the  former  aerofoils 
show  much  more  vicious  stall  than  do  the  latter.  Indeed,  I  suspect  that  a  major  cause  of  the  serious  incidence  of 
stalling  accidents  shown  in  the  statistics  of  general  aviation  small  unswept  aircraft,  referred  to  by  Mr  Muse  yesterday, 
is  the  continued  use  of  wing  sections  lor  such  aircraft  which  show  pressure  distributions  near  the  stall  that  are  con¬ 
cave  over  the  rear  and  are  in  consequerce  bad  from  the  stalling  point  of  view.  I  shall  be  glad  to  have  Mr  Smith’s 
comments  on  this  point. 

A.M.O.Smith,  US:  In  my  analysis  1  have  implicitly  accounted  for  the  effect  of  chord  extensions.  A  lift  coefficient 
should  always  be  based  on  the  chord  of  the  configuration  that  is  producing  the  lift.  1  think  Prof.  Young  is  correct 
for  a  concave  pressure  distribution,  rear  separation  does  indeed  move  forward  more  rapidly.  A  straight  line  pressure 
distribution  (my  m  =  1  case)  may  be  a  good  compronise.  On  most  aircraft  other  than  dean  singlt  engine  private 
types,  the  stall  characteristics  are  a  function  of  many  more  things  than  just  the  lirfoil  CL  v.  a  curve.  Nacelles, 
sweep,  twist,  slats,  stores,  a  taper  and  wing-fuselage  geometry  are  a  few  examples.  In  some  cases  as  on  simple  clean 
single  engine  private  type  airplanes  I  would  think  the  airfoil  properties  do  become  more  important.  But  I  was 
involved  in  a  design  of  an  airplane  having  a  clean  unswept  wing  and  an  airfoil  whose  lift  stall  was  very  sharp.  The 
wind  tunnel  model  showed  a  drastic  drop  in  CL  at  the  stall.  We  were  worried,  but  in  flight  there  was  no  vicious 
wing  dropping  tendency  at  all.  We  still  have  a  lot  to  learn. 


Discussion  of  Paper  1 1 

“The  Low  Speed  Stalling  of  Wings  with  High  Lift  Devices” 
presented  by  D.N.Fostcr.  UX 


J. Seddon,  UK:  Mr  Foster  showed  a  stall  development  m  the  presence  of  slot  supports  From  the  evidence  given  1 
would  think  there  was  some  doubt  as  to  whether  the  supports  had  any  ultimate  adverse  effect  on  the  stalling  level 
and  general  characteristic,  or  whether  the  supports  merely  acted  as  initial  localisers  of  the  development  of  separated 
flow  Is  this  situation  clear'’ 
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D.N. Foster,  UK:  The  situation  is  that  from  these  tests  it  cannot  be  stated  categorically  that  the  supports  had  an 
adverse  effect  on  the  stall,  but  it  is  certain  that  they  acted  as  a  trigger  for  the  initial  separations.  Nevertheless  it 
is  possible  that  had  the  supports  been  at  different  spanwise  locations,  the  occurrence  of  the  initial  separations  might 
have  been  delayed  to  a  higher  lift  coefficient,  and  this  in  turn  might  lead  to  a  higher  maximum  lift. 

C. A.Anderson,  US:  Have  you  been  able  to  separate  the  effects  of  Mach  number  and  flexibility  on  the  Ci_max  in 
the  wind  tunnel  and  flight  test?  Do  you  intend  to  test  both  a  rigid  and  flex  wing  in  your  new  5  metre  tunnel  to 
attempt  to  separate  flexibility  effects  from  Mach  numbers? 

D. N.Foster,  UK:  The  test  made  to  date  in  the  wind  tunnel  for  the  effects  of  Reynolds  number  and  Mach  number 
have  been  on  a  single  model  representing  the  1  g  shape  of  the  wing,  and  no  attempt  has  been  made  to  determine  if 
it  has  distorted  during  these  tests.  It  would  obviously  be  sensible  to  consider  how  far  the  5  metre  tunnel  could  be 
used  to  determine  the  effect  of  wing  flexibility. 

T.Schuringa,  The  Netherlands:  The  agreement  between  flight  and  wind  tunnel  with  regard  to  flow  separation 
depends  largely  on  the  Reynolds  number  of  the  wind  tunnel  test.  A  picture  is  shown  of  the  flow  separation  at 
Re  =  1  x  106  in  the  wind  tunnel  and  15  x  106  in  flight  which  differs  agreeably.  At  which  Reynolds  number 
in  the  wind  tunnel  is  agreement  obtained? 

D.N.Foster,  UK:  Tests  on  another  model  of  this  aircraft  in  a  pressurised  wind  tunnel  suggested  that  the  relationship 
between  pitching  moment  and  lift  coefficient  measured  m  flight  could  be  reproduced  at  a  Reynolds  number  of 
4.3  x  106  . 

A.Wortman,  US:  In  the  calculation  of  the  wake-boundary  layer  interaction  a  higher  order  boundary  layer  theory 
must  be  employed.  Since  turbulent  boundary  layers  are  not  mathematically  well  defined,  how  can  such  a  calculation 
be  performed? 

D.N.Foster,  UK'  The  calculation  method  was  in  fact  a  simple  integral  method  developed  by  Irwin  (Reference  10  of 
paper).  It  is  in  some  ways  similar  to  a  method  published  by  Gartshore  and  Newman  for  wall  jets  in  streaming  flow. 
The  velocity  profile  for  the  boundary  layer  is  assumed  to  be  a  power  law  and  the  inner  and  outer  wakes  have 
Gaussian  '  elority  profile  fhe  momentum  equation  is  then  integrated  over  various  parts  of  the  viscous  layer  and 
initially  assumptions  were  made  about  the  variation  of  shear  stress  through  the  layer.  More  recently  experimental 
measurements  have  been  made  of  the  variation  of  shear  stress  through  the  layer. 

C. J.Lievens,  France:  L’auteur  a  ecrit  que  l’optimum  pour  une  configuration  aile  plus  volet  est  obtenu  avec  une 
interaction  faible  et  une  absence  de  melange  entre  le  sillagc  de  i’aile  et  la  couclie  limite  du  volet.  Au  contraire  pour 
une  configuration  bee  plus  aile  plus  volet,  (’optimum  correspondrait  a  un  melange  complet  entre  le  siilage  de  1’ailc 
et  la  couche  limite  du  volet. 

Quelle  est  l’originc  de  ccttc  difference?  Cette  assertion  a-t-elle  une  valeur  generate? 

L’auteur  a-t-il  effectuc  une  analyse  fine  de  la  structure  de  la  couche  limite  de  l’aile  dans  la  zone  ou  cette 
couche  limite  serait  “contamince”  (rendue  “plus  turbulente”)  pai  Ic  siilage  du  bee? 

D. N.Foster,  UK:  Although  the  slot  and  flap  are  both  used  to  enable  the  main  wing  to  carry  more  lift,  the  means 
by  which  they  do  this  is  different.  The  slat  reduces  the  magnitude  of  the  suction  peak  on  the  leading  edge  of  the 
wing,  and  the  adverse  pressure  gradients  in  this  region.  It  will  continue  to  do  this  as  the  slat  is  brought  closer  to  the 
wing,  out  at  the  same  time  the  wake  from  the  slat  interferes  with  the  boundary  layer  on  the  wing,  and  the  optimum 
slat  position  occurs  when  the  benefits  of  reducing  the  loading  on  the  wing,  and  so  making  things  easier  for  the 
boundary  layer  on  the  wing,  if  offset  by  the  interference  from  the  slat  wake  on  the  wing  boundary  layer.  The  flap 
enables  the  wing  to  carry  more  load  by  increasing  the  velocity  at  the  wing  trailing  edge,  and  so  reducing  the  adverse 
pressure  gradients  over  the  rear  of  the  wing.  Its  optimum  position  is  determined  by  the  fact  that  the  boundary 
layer  on  the  lower  surface  of  the  wing  and  that  on  the  upper  surface  of  the  flap,  should  not  meet,  and  when  this 
happens  there  is  found  to  be  weak  interference  between  the  totai  wake  from  the  wing  and  the  boundary  layer  on 
the  flap. 

We  have  made  detailed  measurements  of  the  velocity  distribution  through  the  boundary  layer  on  the  wing  and 
the  wake  from  the  slat,  when  they  arc  in  the  merged  condition.  We  have  also  measured  the  vcloci  y  distribution 
and  the  shear  stress  distribution  lot  the  flow  above  a  flap,  for  a  configuration  for  which  the  flap  was  very  clos.  to 
the  wing  so  that  the  wake  and  the  boundarv  layer  were  again  merged. 
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Discussion  of  Paper  12 

“A  Simplified  Mathematical  Model  for  the  Analysis  of 
Multielement  Airfoils  Near  Stall” 
presented  by  I.C.Bhateley  and  R.G.Bradley,  US 


J. Mannee,  The  Netherlands:  It  is  frequently  stated  in  reports  concerning  these  calculations  that  one  can  save  the 
expenditure  of  expensive  wind  tunnel  testing  by  these  calculations.  However  you  exchange  the  wind  tunnel  costs 
for  ever  more  expensive  computer  costs.  At  NLR  it  is  estimated  that  the  cost  of  a  polar  run  in  the  wind  tunnel 
and  the  calculation  with  only  a  potential  flow  method  is  about  equal.  Could  the  author  give  an  indication  about 
the  computer  time  involved  for  his  calculation  on  a  multiple  airfoil,  including  viscous  effects,  for  one  angle  of 
incidence? 

I.C.Bhateley,  US:  A  typical  cruise  configuration  analysis  requires  approximately  3  minutes  while  a  high  lift  system 
analysis  takes  approximately  5  minutes  of  CDC  6600  central  processor  time. 

REpler,  Germany:  Am  I  right,  that  you  don’t  introduce  any  flow  condition  along  the  free  streamline?  Increase 
your  source  strength  if  you  introduce  separation? 

I.C.Bhateley,  US:  No  flow  control  is  exercised  downstream  of  the  separation  point.  The  source  strength  is  deter¬ 
mined  by  condition  of  continued  tangential  flow  at  a  point  very  close  to  the  separation  point. 

R.J.Templin,  Canada:  How  do  you  decide  upon  the  location  of  the  “pseudo  boundary  points”  near  the  trailing 
edges  of  finite-thickness  trailing  edge  aerofoils,  and  do  you  have  any  idea  of  the  sensitivity  of  the  results  to  the 
location  of  these  points? 

I.C.Bhateley,  US:  The  pressure  distributions  in  the  immediate  vicinity  of  the  trailing  edge  and  separation  points  are 
sensitive  to  the  location  of  the  “pseudo  boundary  points”.  These  points  should  be  taken  as  close  to  the  trailing 
edge  as  possible  and  depend  on  the  accuracy  of  the  computer  being  used  for  the  analysis.  Currently  we  are  using 
1CT5  of  the  reference  chord. 

K. Gersten,  Germany:  In  real  flow  there  is  obviously  a  jump  in  the  total  head  along  the  separating  streamline.  Isn’t 
it  necessary  to  put  also  vbrtices  on  the  separating  streamline  in  your  model,  in  order  to  simulate  the  total  head  jump 
as  well  as  the  condition  of  constant  pressure  at  that  line? 

I.C.Bhateley,  US:  The  flow  conditions  internal  to  the  wake  are  not  correctly  simulated  by  this  simplified  model  at 
the  present  time. 

A.M.O.Smith,  US:  In  our  flow  calculation  method  we  use  sources  to  describe  the  shape  and  vortices  to  obtain  the 
circulation.  When  we  placed  a  point  vortex  within  an  airfoil  wc  found  it  created  a  bump  in  the  pressure  distribution. 
You  place  a  source  within  the  airfoil  to  create  open  ended  airfoils.  Do  you  too  get  a  bump? 

About  a  year  and  a  half  ago  we  too  tried  simulating  partially  separated  flow  by  just  terminating  the  airfoil 
contour  at  the  calculated  separation  point.  Sometimes  the  method  gave  good  results,  other  times  poor.  Wc  had  the 
same  experience  with  Jacob’s  method.  I  believe  we  must  represent  the  true  physical  flow  process  more  accurately 
if  we  are  ever  to  obtain  satisfactory  answers. 


Discussion  of  Paper  13 

“The  Effect  of  Leading  Edge  Geometry  on  High  Speed  Stalling” 
presented  by  G.F.Moss,  A. B. Haines  and  R. Jordan,  UK 


D.Zonars,  US:  As  in  the  case  of  low  speed  characteristics,  the  Reynolds  number  of  the  test  conditions  piay  a 
dominant  role  on  the  variable  geometry  effects  displayed  here  at  transonic  speeds.  Of  course,  the  existence  of  a 
shockwave  interacting  with  the  boundary  layer  adds  another  dimension  to  the  complexity  of  the  test  results.  The 
test  conditions  shown  here  are  particularly  sensitive  to  Reynolds  number  variation.  What  confidence  do  you  have 
in  the  change  over  characteristics  of  the  maximum  lift  coefficient  as  a  function  of  varying  airfoil  nose  geometry  for 
the  range  of  Mach  numbers  displayed?  Also,  was  the  Reynolds  number  for  the  two-dimensional  data  the  same  for 
the  three-dimensional  characteristics? 

G.F.Moss.  UK:  l  think  wc  need  to  be  careful  in  discussing  scale  effects  at  high  subsonic  speeds  Some  types  of 
shock  induced  boundary  layer  interaction  are  fairly  insensitive  to  scale  and  permit  useful  work  to  be  done  at  model 
Reynolds  numbers  and  used  successfully  at  full-scale  conditions,  provided  a  careful  transition  fixing  technique  is 
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used.  The  important  thing  is  to  understand  the  nature  of  the  flow  situations  and  to  tackle  on  the  model  the  same 
fluid-dynamics  problem  which  obtains  at  full-scale  Reynolds  numbers.  In  our  experience,  values  of  maximum  usable 
lift  coefficient  are  not  very  scale  dependent  when  the  separation  in  question  is  primarily  a  function  of  shock- 
strength,  and  when  the  complications  of  interactions  with  other  flow  separations  aft  on  the  chord  are  not  dominant. 
This  is  because  the  strength  of  the  shock  is  closeiy  tied  to  the  value  of  the  lift  being  generated.  Care  was  taken  in 
the  work  described  here  to  use  only  moderate  degrees  of  rear-loading  and  complete  models  with  only  moderate 
amounts  of  sweepback.  In  this  way  we  avoided  the  more  complex  scale-sensitive  situations  which  are  dominated  at 
model  Reynolds  numbers  (only)  by  interactions  between  rear  and  shock  induced  sepaiations.  I  would  thus  argue 
that  the  findings  of  this  research  given  in  this  paper  are  valid  for  many  full  scale  situations  of  current  interest. 

As  the  Mach  numbers  are  reduced  and  different  flow  situations  develop  the  whole  picture  changes,  of  course, 
and  I  would  not  be  so  confident. 

The  Reynolds  numbers  of  the  test  work  described  in  this  paper  are  given  in  some  of  the  figures  (see  Figure  2 
for  Section  2  and  Figure  25  for  Section  4).  The  Reynolds  number  ot  the  tests  described  in  Section  3  was  in  the 
band  5  to  6.5  x  106  based  on  chord.  For  the  reasons  given  above,  I  do  not  consider  that  the  difference  between 
the  Reynolds  number  of  the  two-dimensional  tests  (6.5  x  106)  and  the  three-dimensional  tests  fl.4-2.4x  106) 
in  the  work  described  in  Section  2  is  an  important  factor  in  the  context  of  the  arguments  presented. 

U.Sacerdote,  Italy:  asked  a  question  concerning  the  effect  of  various  high  lift  devices,  and  in  particular  the 
“RAEVAM”,  on  Cm  . 

G.F.Moss,  UK:  Most  of  this  paper  is  concerned  with  sectional  characteristics  of  the  wing  profile  where  pitching- 
moments  are  only  of  secondary  importance.  On  the  complete  swept  wing,  however,  overall  pitching-moments  are 
of  great  importance  and  are  directly  affected  by  modification  to  sectional  characteristics  across  the  span.  A  main 
purpose,  of  leading-edge  high-lift  devices  at  high  speeds,  as  we  have  seen,  is  to  reduce  the  strong  three-dimensional 
effects  associated  with  shock-induced  separations  which  reduce  drastically  the  value  of  usable  lift.  In  doing  this, 
pitching-moment  characteristics  are  also  greatly  improved  in  most  cases. 


Discussion  of  Paper  16 

“A  Practical  Look  at  the  Stall  and  High  Lift  Operation  of  Externally 
Blown  Flap*  STOL  Transport  Configurations” 
presented  by  D.J.Moorhouse,  US 


J. K.Wimpress,  US:  Recent  Boeing  data  is  in  conflict  with  that  shown  in  Figure  5.  If  the  leading  edge  is  properly 
protected  to  prevent  a  leading-edge  stall,  the  EBF  flow  prevents  a  stall  at  the  wing  trailing  edge  and  the  entire  wing 
can  be  carried  to  35°  to  40°  angle  of  attack  before  the  stall  occurs. 

D.J.Moorhouse.  US:  The  figure  actually  shows  a  wide  range  of  power  effects,  both  increasing  and  decreasing  stail 
angle.  I  agree  that  if  the  leading  edge  is  designed  properly  then  large  increases  arc  seen.  The  theory  actually  pre¬ 
dicts  a  decrease  in  stall  angle,  and  some  configurations  indicate  an  initial  decrease  followed  by  increasing  stall  angle 
with  increasing  power,  indicating  a  change  in  stall  characteristics.  The  particular  data  was  presented  to  show  that 
even  with  a  large  leading-edge,  bad  stall  angles  were  achieved.  The  point  was  made  in  the  presentation  that  design 
of  the  leading-edge  device  is  critical  to  the  total  aircraft  design. 

K. Gersten,  Germany  What  arc  typical  values  of  the  measured  turning  efficiency  »j  ?  Does  t)  change  drastically 
with  geometry  and  do  you  see  any  possibility  for  calculating  p  by  theory  without  using  any  empirical  data? 

D.J.Moorhouse,  US:  Typical  values  of  turning  efficiency  arc  i 00CT  at  zero  flap  deflection  to  70  or  90?;  at  nigh  flap 
deflections  (60°)  At  present  I  only  know  of  the  empirical  correlations  in  Reference  1 1  of  my  paper,  but  work  is 
being  done  to  calculate  p  theoretically. 

DJ  .Foster,  UK:  I  am  wondering  if  the  difficulties  you  experience  with  the  application  of  an  aspect  rat  o  correction 
factor  arise  fiom  the  datum  you  used  to  evaluate  the  lift  increment.  As  the  theory  is  derived  fiom  a  potential  flow 
...  'he  conditions  at  the  power-off  stall  may  differ  considerably  from  this  model  due  to  separation  from  highly 
deflected  ,;-s.  Have  you  ascertained  if  any  other  datum  could  improve  the  correlation? 

DJ  MoorLoust.  v'S:  This  is  possibly  true.  My  concern  was  to  cordate  the  avai'ablc  L'BF  data  with  tnc  deficiencies 
therein  The  data  includes  a  configuration  with  plain  Icud'.ij.  edge  which  may  be  expected  to  have  a  leading  edge 
stall  Another  configuration  lefinitny  dij  not  have  leading  edge  stall  Thus  different  configuiut'ons  are  contained 
within  the  scatter  band 
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W.D.Horsfield,  UK:  Are  stall  margins  for  landing  adequate?  Normally  we  use  30-40%  of  which  25% -is  used  by  a 

10  Ft/Sec  gust.  Structure  was  to  be  designed  against  50-70  Ft/Sec  gusts.  Stall  accidents  occur  more  frequently  ) 

than  structural  accidents.  Are  these  facts  perhaps  connected?  i 

D.J.Moorhouse,  US:  I  used  10  kt  rather  than  the  higher  values  because  I  was  talking  about  terminal  operations.  I  : 

agree  that  stall  margins  require  further  study.  We  must  not  use  STOL  airplanes  with  the  old  conventional  thinking. 

This  study  should  be  done  before  we  fly  STOL  aircraft.  My  concern  was  not  to  dismiss  the  problem  but  tc  raise  it.  j 


Discussion  of  Paper  17 

“Flight  Development  of  a  Military  Trainer  Aircraft 
with  Particular  Reference  to  Stall  Warning” 
presented  by  G.P. Wilson  and  W.D.Horsfield,  UK 


D.J.Moorhouse,  US:  I  do  not  think  Mr  Horsfield  mentioned  any  wind  tunnel  tests  before  the  earlier  Marks  of 
Provost.  Were  the  actual  stall  characteristics  predicted,  or  were  they  different  to  what  was  predicted? 

W.D.Horsfield,  UK:  The  Provost  Series  was  developed  by  flight  testing  without  significant  wind  tunnel  testing. 
Tunnel  tests  on  stall  were  carried  out,  and  gave  some  similarities  with  flight  stalling,  but  the  differences  at  the 
Reynolds  numbers  tested  were  considered  too  great  to  pursue  extensive  tunnel  work  on  the  MK  4/MK  5  differences. 

J.Seddon,  UK:  I  should  like  to  follow  up  on  the  previous  question.  Would  Mr  Horsfield  say,  retrospectively,  that 
a  modification  such  as  that  which  was  made  to  *he  leading  edge,  had  it  been  tested  in  the  tunnel  beforehand,  would 
have  shown  up  the  improvement  in  pitching-moment  characteristics  etc.  which  was  actually  found  in  flight? 

W.D.Horsfield,  UK:  I  think  that  tests  at  a  sufficient  Reynolds  number  may  well  have  given  an  adequate  match  on 
the  stall  behaviour,  but  the  stall  warning  aspects  may  be  more  dubious. 

B.Laschka,  Germany:  You  have  pointed  out,  Mr  Horsfield,  that  complete  success  of  the  desired  stall  progression 
has  been  finally  achieved  by  vortex  generators.  One  may  observe  from  ycr  Figure  17  that  the  vortex  generators 
you  have  selected  are  of  co-rotaiing  type.  Sometimes  it  has  been  stated  that  counter-rotating  vortex  generators 
supply  more  energy  to  the  boundary  layer  and  consequently  are  more  efficient  than  co-rotating  ones.  Do  you 
have  some  experience  on  this  subject,  and  can  you  recommend  which  type  to  use  lor  different  separated  flow 
patterns?  Would  you  like  to  comment  on  this  point? 

W.D.Horsfield,  UK:  I  have  no  experience  with  counter-rotating  vortex  generators.  In  the  case  of  the  Jet  Provost, 
we  wished  to  reinforce  the  general  vortex  field  in  one  direction,  and  therefore  used  the  appropriate  direction  of 
co-rotating  generators.  1  would  imagine  most  corner  flows  would  also  be  of  this  type. 

G.F.Moss,  UK:  First,  I  would  like  to  suggest  that  the  term  “buffet”  be  restricted  to  the  vibration  of  the  airframe 
under  the  influence  of  unsteady  aerodynamic  excitation.  The  airframe  responds  to  this  excitation  in  the  only  way 
it  can-  at  one  or  more  of  the  natural  defo  mation  modes.  It  is  best  to  distinguish  carefully  between  this  motion 
and  the  motion  of  the  whole  aitframe,  as  in  instability  phenomena  such  as  wing-rock  etc.  In  my  experience,  in 
discussions  of  the  type  w;  are  to  have  today,  it  is  easy  to  confuse  these  matters.  This  is  not  connected  in  any 
way  with  anything  that  Mr  Horsfield  has  said. 

My  question  for  Mr  Horsfield  is:  has  scale-effect  on  the  stall  been  measured  in  flight?  It  is  necessary  to  be 
careful  about  Mach  number  changes  of  course.  We  do  tend  to  be  mesmerized  by  flight-tunnel  comparisons  in  the 
context  of  scale-effects  and  to  forget  that  scale-effects  can  occur  at  flight  Reynolds  numbers. 

W.D.Horsfield,  UK:  First.  I  agree  that  buffet  is  an  airframe  vibration  at  “structural”  frequencies,  and  that  is  the 
context  in  which  I  have  used  it. 

To  the  best  of  niv  recollection,  we  did  not  find  any  flight  scale-effect.  Tilt  “g"  stall,  at  higher  IAS  t  an  the 
1  g  stall  was  better  marked  by  buffet  warning  because  of  this  higher  IAS  jmplif>mg  the  input,  and  was  therefore 
an  easier  case.  We  did  find  substantial  effects  on  maximum  lift  from  different  rates  of  approach  (knots/scc)  .o  th 
stall,  and  standardised  our  I  g  stall  conditions  to  ensure  comparable  data. 

A. I). Young.  UK:  I  think  that  I  can  understand  why  the  i anc  helped  to  improve  the  stalling  properties  of  your 
aircraft,  hut  I  am  not  clear  about  the  function  of  the  small  fence  below  the  intake  and  why  u  helped  i  onld  you 
explain  its  effect? 

W.D.Horsfield.  UK:  I  ih:nk  it  suppresses  crossflow  out  from  the  fuselage  intake  oxer  l.ie  leading  edge  of  the  wing 
but  bcjond  that  I  leave  the  explanation  to  the  theorists. 
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G.J.Hancock,  UK:  The  author  describes  a  series  of  ad  hoc  modifications  to  obtain  acceptable  buffet  and  stall 
characteristics.  Does  the  author  think  that  there  are  fundamental  aspects  which  deserve  research  attention  to  obtain 
basic  information  which  could  reduce  the  amount  of  ad  hoc  testing? 

V/.D.Horsfielu,  UK:  Although  fundamental  research  could  be  done  -  for  instance  on  stall  “departure”  in  pitch  - 
I  doubt  whether  this  special  case  would  justify  any  work  other  than  project-oriented.  The  stall  characteristic  was 
fairly  easily  achieved.  Increase  in  buffet  was  required,  not  decrease,  and  this  was  more  difficult. 


Discussion  of  Paper  18 

“Stall  and  Post-Stall  Characteristics  of  the  F.  1 1 1  Aircraft” 
by  J.E.Goode  and  presented  by  C. Anderson,  US 


J.K.Wimpress,  US:  Regarding  the  regression  technique  for  getting  derivatives  from  flight  test.  The  aerodynamic 
derivatives  usually  occur  in  groups  in  the  equations.  How  do  you  break  down  these  groups  into  the  individual 
derivatives? 

C. Anderson,  US:  The  group  of  derivatives  that  make  up  each  total  coefficient  are  looked  at  individually.  That  is, 
all  the  derivatives  which  make  up  the  rolling  moment  coefficient  are  adjusted  until  the  flight  test  and  simulator 
total  coefficient  agree.  The  wind  tunnel  data  is  used  as  a  guide  to  assume  that  the  derivatives  modified  are  not  out 
of  the  ball  park. 

D. Zonars,  US:  If  you  follow  the  wind  tunnel  data  religiously,  then  why  did  you  chose  not  to  conform  to  the 
change  over  characteristic  of  Cn(J  as  a  function  of  angle  of  attack  around  50°  since  the  flow  is  fully  separated  on 
both  the  wind  tunnel  and  flight  test  article? 

f'. Anderson,  US:  The  wind  tunnel  data  is  used  as  a  guide  only  and  is  not  religiously  adhered  to  in  eithei  value  and 
trends  with  angle  of  attack. 

G.F.Moss,  UK:  In  Figure  8  in  your  paper  a  gross  discrepant  between  the  wind  tunnel  values  of  Cn(J  and  those 
necessary  to  simulate  the  full-scale  behaviour  are  shown.  However,  at  the  high  incidences  where  this  discrepancy 
occurs  (50°  to  70°)  there  will  be  two  pronounced  wakes  from  the  two  wings  which  could  be  very  much  a  feature 
of  this  derivative.  I  see  the  sweep  of  the  wings  is  quoted  as  50°  in  the  wind  tunnel  experiment  anc  4.6’  in  the 
flight  case.  Can  Mr  Anderson  assure  us  that  this  difference  in  wing  sweep  was  not  a  factor  in  the  discrepancy? 

C.Anderson,  US:  Yes,  since  the  same  trend  if  there  at  wing  sweeps  of  26°  and  35°. 

E. L.Ericson,  US:  It  has  been  shown  that  the  anomalous  Cn/)  behaviour  at  high  a  is  caused  by  the  shedding  of 
asymmetric  vortices  off  a  pointed/slender  nose.  In  the  wind  tunnel  test  the  vortices  are  generated  by  roll-up  of 
laminar  separation  sheets,  in  full  scale  they  are  probably  generated  by  turbulent  separation.  The  “oscillatory” 
behaviour  of  Cn(S  (a)  in  wind  tunnel  testing  might  be  caused  by  additional  vonices  being  added  as  <*  is  increased 
further.  I  think  you  or  one  of  your  colleagues  has  shown  that  by  putting  a  pair  ol  small  strokes  on  the  nose, 
thereby  forcing  the  shedding  to  be  symmetric  -  the  Cn,  anomalies  disappear. 

C.Anderson,  US:  Yes.  this  was  done  by  Jim  Bowman  at  NASA  Langley.  I  personally  believe  that  putting  the 
strakes  on  the  nose  simulate  full  scale  Reynolds  numbei. 

C.J.Lievens.  France:  Quels  essais  avez-vous  faits  sui  (’utilisation  de  parachutes: 

-  soil  “parachutes  dc  vrille”  au  sens  strict,  utilisables  aussi  lorsquc  la  vrille  cst  etablie. 

-  soit  “parachutes  de  perte  de  controle”,  utilisables  settlement  dans  les  pienueres  secondcs  qui  suivent  la 
perte  de  controle?  D’unc  manicic  gcnernle.  quelle  cst  la  position  de  Geneia)  Dynamics  sur  I’cmploi  de 
tcls  parachutes?  Notammcnt: 

un  parachute  -  frein  peut-il  servir  aussi  (cn  operation'  de  “parachute  de  perte  de  controie”? 

■’utilisation  par  !e  pilote  moyen  d’un  “parachute  dc  peitc  dc  controle”  est-ellc  realistc  comptc  lenu  du 
faib'c  delai  dont  il  dispose  pour  rcagir? 

Avez-vous  conn.m  mice  de  cas  oi:  un  pi'ote  ail  utilise  de-.  parachutes  anu  vrille  ou  dc  perte  dc  controle 
cn  operation? 
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CAnderson,  US:  Yes.  We  think  that  recovery  parachute  is  mandatory  for  flight  test.  If  you  are  sure  that  you  will 
never  encounter  a  spin  from  which  you  will  not  recover,  then  a  device  such  as  a  parachute  the  size  of  a  drag  chute 
could  be  used  to  recover  from  out  of  control  situations. 

I  do  not  know  why  one  would  think  they  could  recover  from  a  spin  and  not  a  post-stall  gyration  or  out  of 
control  situations. 


Discussion  of  Paper  19 
“Post-Stall  Aerodynamics  of  the  Harrier” 
presented  by  C.LBore,  UK 


CAnderson,  US: 

1.  What  sizes  the  wing  during  design?  Take-off  or  clean  maneuvrability? 

2.  Were  all  the  curves  shown  on  Figure  1 1  based  on  a  common  reference  area? 

C.LBore,  UK: 

1.  For  the  Harrier,  combat  maneuvrability  sized  the  wing.  The  vertical  take-off  range  was  so  important  that  the 
best  flap  system  would  be  one  that  had  zero  weight.  For  an  earlier  aircraft  (the  Hunter)  only  a  simple  flap 
system  was  fitted,  so  the  wing  area  was  larger  than  the  minimum  essential  for  combat. 

2.  All  the  curves  of  Figure  1 1  are  non-dimensional;  so  they  could  be  regarded  as  comparing  the  relative  “g”- 
pulling  capabilities  of  aircraft  all  having  the  same  wing  loading. 

E.L.Ericson,  US: 

1.  Do  you  use  the  difference  between  extrapolated  linear  lift  and  actual  measured  static  lift  (at  high  a  )  as  a 
measure  of  the  forcing  function  for  buffet? 

2.  It  is  important  to  recognize  that  there  is  also  an  additional  effect  involved  which  also  is  proportional  (more  or 
less)  to  this  difference.  That  is  the  aerodynamic  damping  as  affected  by  the  separated  flow.  1  believe  this 
might  be  the  dominant  effect  as  in  stall  flutter  of  helicopter  blades  for  instance.  In  this  case  one  cannot 
alleviate  the  buffet  by  getting  off  a  critical  frequency.  It  is  important,  therefore,  to  make  a  distinction 
between  the  two  effects. 

C.LBore,  UK: 

1.  Yes,  or  more  strictly,  the  “lift  curve”  would  be  the  tail-off  normal  force  curve.  If  there  is  a  slight  kink  in  the 
curve  before  the  beginning  of  boundary  layer  separation,  it  is  the  higher-incidence  portion  that  is  extrapolated. 

2.  The  frequency  of  buffet  vibration  tends  to  be  very  low,  where  frequency  effects  are  small.  Also  the  aero¬ 
dynamic  amplitude  of  vibration  is  very  small,  so  I  suspect  that  damping  cannot  make  much  difference.  I  agree 
that  it  is  most  unlikely  that  buffet  could  be  avoided  by  changing  a  response  frequency,  as  the  aerodynamic 
forcing  frequency  will,  I  think,  tie  itself  to  whatever  wing  response  frequency  that  occurs. 

A.Wortman,  US:  In  your  presentation  you  pointed  out  that  the  Harrier  wing  is  so  much  lighter  than  a  conventional 
wing  with  slats,  flaps,  cie.  How  do  the  weights  compare  when  you  account  for  the  weight  of  nozzles,  plumbing  etc. 
which  permit  the  Harrier  wing  to  dispense  with  the  conventional  devices? 

C.LBore,  UK'  It  is  difficult  to  make  a  fair  comparison  with  the  form  of  aircraft  that  one  would  have  designed 
without  vectored  thrust.  What  is  the  required  sortie  for  the  conventional  aircraft  to  do  the  same  job?  To  operate 
irto  a  given  combat  area,  the  VTOL  aircraft  can  fly  from  airfields  perhaps  100  feet  square,  near  the  combat  zone  - 
whereas  a  CTOL  aircraft  would  have  to  use  large  fields  much  further  from  the  combat  area.  In  such  a  comparison 
the  VTOL  aircraft  is  lighter  much  lighter  at  small  ranges,  less  so  a.  larger  ranges,  perhaps  heavier  at  very  long  ranges 
If  1  may  guess  some  answers  from  uncontrolled  examples  of  rather  comparable  aircraft,  I  think  Figure  12  of  the 
written  paper  suggests  that  rotating  nozzles  and  so  on  total  up  to  similar  weights  to  the  long  fixed  jet  pipes  that 
might  otherwise  be  used. 
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Discussion  of  Paper  20 

“Aerodynamics  of  Wing  Stall  of  the  Fokker  F.28” 
presented  by  T.Schuringa,  The  Netherlands 

M.Lazareff,  France:  La  figure  3  montre  que  l’avion  complet  comporte,  au  voisinage  du  decrochage,  un  accroissement 
tres  favorable  du  moment  piqueur.  Ce  changement  de  pente  de  la  stability  est-il  imputable  en  totalite  a  une  variation 
de  deflexion*  au  droit  de  l’empennage  (qui  augmente  son  gradient  de  portance  en  fonction  de  I’incidence  de  l’avion); 
ou  bien  une  partie  du  changement  de  pente  dans  le  sens  favorable  est-elle  deja  presente  des  la  configuration  sans 
empennage,  etant  bien  entendu  que  cette  demiere  configuration  est  instable. 

TRANSLATION:  In  Figure  3  of  your  paper,  it  appears  that  near  the  stall,  a  strong  fa-ourable  nose-down  pitching- 
moment  takes  place  near  15°  angle  of  attack. 

Is  this  stabili  y  slope  change  due  only  to  a  change  in  the  deflection  (downwash)  at  the  tail,  or  partly  due  to  a 
nose-down  tendency  on  the  configuration  without  tail  (in  this  case  the  configuration  is  of  course  longitudinally 
unstable,  but  a  special  behaviour  of  the  wing  flow  at  this  angle  of  attack  can  contribute  to  this  nose-down  tendency)? 

T.Schuringa,  The  Netherlands:  During  the  final  stage  of  the  F.28  wind  tunnel  testing,  the  complete  model  was 
generally  used  to  investigate  the  overall  effect  of  the  various  measures  to  affect  the  stall  characteristics.  The  separ¬ 
ate  contribution  of  the  tail  surface  and  of  the  wing-body  combination  in  the  increment  in  nose-down  pitching- 
moment  at  the  stall  is  not  available  for  the  final  configuration.  From  earlier  tests  on  the  model  without  horizontal 
stabilizer  it  is  known  that  the  main  contribution  in  pitch-down  is  due  to  a  changed  downwash*  resulting  from  flow 
separation  and  loss  of  lift  on  the  inboard  part  of  the  wing  and  in  addition  the  wing  itself  contributes  to  nose-dov  n 
pitching-moments  under  these  conditions. 

E.J.Ray,  US:  Did  you  notice  any  misleading  characteristics  as  a  result  of  the  support  device  at  li'gb.  angles  of  attack? 
My  experience  has  indicated  that  there  could  be  a  strong  “splitter  plate”  effect. 

T.Schuringa,  The  Netherlands:  We  did  not  test  with  another  support  in  the  NLR  HST  tunnel.  However,  compara¬ 
tive  tests  in  the  LST  with  different  support  struts,  showed  similar  results  with  regard  to  Cm  versus  a  at  high 
angles  of  attack. 

B.Laschka,  Germany: 

1.  Mr  Schuringa  has  mentioned  that  for  the  evaluation  of  high  lift  characteristics  two  models  have  been  used,  one 

complete  model  and  one  half  model.  I  presume  that  all  the  testing  for  these  two  models  has  been  performed 
in  the  NLR  pressurized  wind  tunnel  in  which  Mach  numbers  and  Reynolds  numbers  may  be  varied  independ¬ 
ently.  Consequently  an  immediate  comparison  between  the  rec’lts  of  the  twe  models  should  be  available. 
Because  of  the  controversial  question  of  whether  a  half  modi  cccptable  information  about  the  stall 

characteristics,  I  would  appreciate  it  if  Mr  Schuringa  could  gi  ication  of  how  the  results  from  the  two 

models  compared. 

(a)  Has  the  stall  flow  pattern  been  in  good  agreement  for  both  models? 

(b)  How  did  the  CAm;K  compare  at  the  same  Reynolds  and  Mach  numbers? 

(c)  Is  Mr  Schuringa  in  a  position  to  supplement  Professor  Hancocx’s  listing  of  the  minimum  Reynolds  numbers 
needed  for  correct  representation  of  the  stall  flow  pattern  by  F.28  results? 

2.  In  Figure  1 1  the  g-break  for  the  F.28  is  shown  based  on  half  model  wind  tunnel  tests  and  flight  tests.  The 
difference  (6°)  in  maximum  angie  of  attack,  especially  for  the  case  without  a  fence,  is  surprisingly  high  though 
the  tunnel  Reynolds  number  was  five  million.  In  many  cases  not  only  maximum  lift  but  also  maximum  angle 
of  attack  is  of  interest.  Do  you  indicate  in  your  Figuie  that  the  maximum  angle  of  attack  cannot  be  well 
estimated  from  half  model  wind  tunnel  tests? 

T.Schuringa,  The  Netherlands: 

1.  (a)  The  progression  of  flow  separation  on  both  models  was  quite  identical.  However,  there  was  a  discrepancy 

in  “indicated”  angle  of  attack  of  2°  and  3°  for  the  same  flow  pattern,  this  difference  was  partly  attributed 
to  the  difference  in  Reynolds  number. 

(b)  At  the  time  of  the  tests  no  forces  could  be  measured  at  the  half  wing  mounting,  so  unfortunately  no 
answer  can  be  given  on  this  question. 

(c)  On  the  half  wing  modci  some  tests  were  performed  with  different  Reynolds  numbers,  i.e.  1.2.  3.05  ami 

4  85  x  I06.  Quite  identical  flow  patterns  were  observed  for  the  two  higher  Reynolds  numbers,  however, 
at  slightly  smaller  angles  of  attack  for  the  lower  Reynolds  number  (see  3lso  the  above  reply  to  your 
question  1(a)).  At  1.2  x  106  the  differences  in  observed  flow  patterns  become  rather  large.  Regard  me  the 


*Nolc  by  T  Schuringa  Anoihor  translation  of  “Deflexion"  is  downwash. 
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fair  agreement  ir.  flow  patterns  and  stall  progression  observed  on  the  aircraft  wing;and  on  the  model,  it  ., 
might  be  concluded  that  for  the  case  of  the  F.28  representative  flow  separation  progression  on  the  model 
is  obtained  at  a  Reynolds  number  of  about  3  x  106  ,  at  angles  of  attack  somewhat  different  .from  full  ! 

scale.  (See  also  the  reply  to  your  question  2.)  : 

2.  The  discrepancy  in  indicated  angle1  of  attack  as  revealed  by  this  figure,  also  puzzles  us.  However,  it  should,  be 

realised  that  at  large  angles  of  attack  the  prediction  of  the  angle  of  attack  from  test  information  is  a  relatively  1  ; 

inaccurate  process,  both  for  wind  tunnel  haif  models  and  for  the  free  flight  case.  { 

We  therefore  tend  to  give  not  too  much  weight  to  the  observed  differences.  '  j 

With  regard  to  maximum  lift,  we  are  of  the  opinion  that  the  same  flow  patterns  and  conditions  in  fact  repr  s-  '  ! 

ent  identical  lift  characteristics.  ,  .  . 

1  \ 

P.P.Antonatos,  US:  Figure  4  seems  to  indicate  that,  at  high  a  in  the  tunnel  test,  the  model  was  closfe  to  the  wall 
of  the  tunnel.  This  can  have  a  decided  effect  due  to.  wall  interference  on  the  high  CL  values.  >  :  ! 

:  •  •  h 

T.Schuringa,  The  Netherlands:  If  the  nose  was  really  near  the  tunnel  wall  ‘the.  effect  would  be  favourable.  However, 
the  photograph  shows  some  distortion;  furthermore  'it  was  taken  at  the  maximum  incidence  angle  of  tjie  test,  this  ' 

being  38°.  In  this  condition  there  is  still  ample  spacing  between  the  model  extremities  .and  the  tunnel  wall.  '  j 


Discussion  of  Paper  21  ,  i  .  '• 

“Predicting  the  Low-Speed  Stall  Characteristics  of  the  Boeing  74"“  l 

presented  by  J.K.Wimpress,  US 


GAnderson,  US: 

1.  Why  do  you  have  different  nacelles  on  the  models  in  Figures  1  and  2?  Did  you  find  that  flow-through  was 
required? 

2.  On  Figure  5  could  the  wing  loading  effect  on  stall  speed  really  be  a  Mach  number  effect? 


J.K.Wimpress,  US: 

•  *  .1 

1.  Most  low  speed  wind  tunnel  testing  was  done  with  flow-through  nacelles.  Figure  1  shows  a  special  installation 
of  nacelles  powered  by  compressed  air  to  check  power  effects  on  flaps-down  performance. 


2. 


Mach  number  effects  may , be  partially  responsible,  but  it  is  felt  that  it  is. more  likely  related  to  the 
changing  inertia  on  the  stall  dynamics.  ! 

t  i 


effects  of 

i 


M.Roederer,  Germany:  1 

•  '  *  '  t  '  ? 

1.  Is  the  margin  between  the  lift-off  speed  and  VMU  of  the  B.747  8%  or  10%?  Is  there  not  a  need  for  a  tail 

bumper  for  the  aircraft  in  service?  •  :  ' 

i 

2.  What  are  the  criteria  for  the  required  maximum  negative  lift  and  angle  of  attack  for  the  tail  to  prevent  a  tail 

stall  in  strong  recovery  maneuvers  (landing  configuration,  forwarij  CG.)?  1  i  : 


i 

J.K.Wimpress,  US:  1  : 


i 


i 


1.  Flight  tests  were  made  on  the  747  .to  demonstrate  its  take-off  capability  under  abused  conditions  in  anticipa¬ 
tion  of  certifying  it  for  lift-off,at  1.08  VMU  .  However,  the  condition  of  reaching  1.2  VSTALL  at  35  feet,  as 
required  for  FAA  certification,  ended  up  being  the  design  parameter  defining  the  airplane’s  take-off  perform¬ 
ance.  So,  the  1.08  VMU  capability  was  not  used.  The  airplane  has  no  tail  bumper.  It  does  have  an  attitude 
warning  system,  but  proper  operation  of  this  system  is  not  required  for  dispatch  on  a  commercial  flight. 

2.  Prior  to  beginning  a  stall,  the  stabilizer  is  trimmed  for  flight  at  1.3  times  stall  speed.  As  the  airplane  is  pulled 
into  the  stail,  the  elevators  move  up  to  compensate  for  the  change  in  local  angle  of  attack  as  the  .airplane  moves 
r.  jse-up.  However,  the  down  load  on  the  stabilizer  actually  decrepses  due  to  the  shape  of  the  tail-off  CL  —  Cm 
curve.  The  recovery  maneuver  of  pushing  the  control  column  forward,  and. moving  the  elevator’s  trailing  edge 
down,  further  reduces  the  down  load  on  the  stabilizer.  Wind  tunnel  testing  has  shown  that  the  maximum  lift 
coefficient  of  the  horizontal  tail  is  approximately :  1.0,  with  about.  0.8  being  usable  before  buffetting  occurs. 

The  747  horizontal  tail  operates  at  values  well  below  this  level.  , 


Ingelman-Sundberg,  Sweden:  Mr  Wimpress,  you  showed  an  extrapolation  of  wind  tunnel  CL  oover  a  factor  of 


10  in  Reynolds  number  from  8  to  80  x  106  and  it  give  a  very  accurate  result.  You  said  also  that  the  reason  was 
that  747  leading  edge  devices  prevent  any  high  pressure  peaks  at  the  leading  edge  which  means' that  all  leading  edge 


separation  will  be  prevented. 
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Do  you  think  that  would  mean  that  in  a  wind  tunnel  test  it  would  be  sufficient  or  acceptable  if,  at  this  low 
tunnel  Reynolds  number,  one  could  produce  the  correct  type  of  separation  even  if  then  of  course  the  boundary 
layeV  further  back  will  be  relatively  too  thick? 

J.K.  Wimpress,  US:  I  think  that  most  large  non-linear  Reynolds  number  effects  on  high  lift  occur  when  the  flow 
around  the  leading  edge  changes  from  a  laminar  separation  to  a  turbulent  attachment.  The  whole  pattern  of  the 
stall  changes  at  this  time  and  the  maximum  lift  coefficient  can  be  increased  sharply.  As  Mr  Ingelman-Sundberg 
points  out,  even  if  the  flow  at  the  leading  edge  is  made  turbulent  on  the  model  to  give  the  right  flow  pattern,  the 
boundary  layer  on  the  model  will  be  proportionately  too  thick  at  the  trailing  edge.  The  stall,  therefore,  may 
commence  at  a  slightly  lower  angle  of  attack.  However,  it  is  of  the  proper  type,  that  is,  beginning  at  the  trailing 
edge;  and  the  influence  of  the  thickened  boundary  layer  is  relatively  minor  producing  the  small  effects  with 
increasing  Reynolds  number  that  was  shown  in  my  paper  about  the  747. 

B.Laschka,  Germany: 

1.  When  comparing  your  Figures  3  and  9  where  lift  versus  angle  of  attack  has  been  plotted  with  and  without 
ground  effect  one  may  realize  a  decrease  in  maximum  lift  as  well  as  lift  curve  slope  for  the  curves  with 

:  ground  effect.  This  is  in  contrast  to  the  results  shown  for  the  F.28  by  Mr  Schuringa  in  the  preceding  lecture. 
Would  you  like  to  explain  this  decrease  in  slope,  which  is  not  predicted  usually  by  linear  potential  theory. 

Is  it  due  to  the  blockage  effect  of  the  extended  flaps  which  reduce  stagnation  pressure  near  the  ground  or  is 
there  any  other  reason? 

2.  Mr  Wimpress  didn’t  mention  any  special  tests  for  determining  the  CLmax  of  the  horizontal  tail.  Tail  stall 
may  have  occurred  at  the  B.747  during  Vs-tests  when  the  pilot  makes  a  strong  recovery  (push  over)  instead 
of  a  stick-free  recovery.  Would  you  like  to  comment  whether  manoeuvers  of  this  kind  have  been  incorporated 
in  the  flight  test  program,  and  whether  you  have  reached  tail  stall?  If  yes,  what  were  the  effects  on  the 
aircraft? 

3.  As  far  as  I  know  B.747  horizontal  and  vertical  tail  are  not  equipped  with  any  de-icing  or  anti-icing  system. 

Ice  accretion  may  reduce  the  aerodynamic  properties  of  the  tail  appreciably.  Have  there  been  any  problems 
with  the  loss  in  minimum  tail  lift?  What  manoeuvers  have  been  performed  to  demonstrate  sufficient  stability 
and  control  with  ice  accretion? 

J.K. Wimpress,  US: 

1 :  The  effect  of  ground  proximity  on  lift  curve  slope  shown  by  comparing  Figures  3  and  9  in  my  paper  do  agree 

with  a  theoretical  analysis.  The  change  in  lift  due  to  ground  effect  is  caused  by  two  components  of  the  poten¬ 
tial  flow  pattern.  The  image  of  the  trailing  vortex  causes  a  decrease  in  downwash  at  the  lifting  line  which 
tends  to  increase  the  lift  at  a  fixed  geometric  angle  of  attack  in  propoition  to  CL  to  the  first  power.  The 

image  of  the  bound  vortex,  on  the  other  hand,  decreases  the  local  q  felt  by  the  lifting  line,  thereby  reducing 

the  lift  at  a  constant  geometric  angle  of  attack.  This  effect  is  proportional  to  CL2  and,  therefore,  becomes 
dominant  at  high  lift  coefficients.  Our  experience  has  been  that  ground  proximity  effects  can  be  evaluated 
quite  accurately  by  potential  flow  theory.  The  characteristics  indicated  for  the  F.28  by  Mr  Schuringa,  may 
be  caused  by  the  wing  being  higher  off  the  ground  relative  to  the  magnitude  of  the  circulation  created  where 
:  the  influence  of  the  trailing  image  can  be  more  important  than  that  of  the  bound  image. 

2.  The  answer  to  this  question  is  the  same  as  that  asked  by  Mr  Roedere. 

3.  The  747,  like  other  Boeing  commercial  jet  transports,  does  not  have  anti-icing  on  the  horizontal  or  vertical 
,  'tail.  To  establish  the  effects  of  ice  accretion,  icing  shapes  were  established  from  theoretical  analysis  and 

parametric  tests  in  icing  tunnels.  These  shapes  were  then  put  on  the  wind  tunnel  model  to  establish  that  the 
stability  and  control  of  the  airplane  would  be  satisfactory.  The  same  shapes  then  were  put  on  the  flight  test 
airplane  and  evaluated  under  all  critical  c.g.  and  flight  conditions  to  establish  that  the  stability  and  control 
was  not  affected  adversely.  In  the  case  of  the  747,  the  wind  tunnel  data  showed  essentially  no  effect  due  to 
ice  accretions  and  the  flight  test  confirmed  this  characteristic.  There  are  two  reasons  for  this  situation.  Tirst, 
the  horizontal  tail  is  relatively  lightly  loaded,  and  unusually  large  lift  coefficients  are  not  demanded  anywhere 
in  the  flight  regime.  Second,  the  airfoil  section  used  on  the  horizontal  tail  has  quite  a  sharp  leading  edge.  Thus, 
the  amount  of  ice  that  builds  on  it  is  small  relative  to  the  size  of  the  surface. 

D.Zonar§,  US:  What  criteria  do  you  use  ir.  establishing  the  position  of  the  leading  edge  of  the  ground  effect  plate 
since  the  angle  of  attack  characteristics  of  the  wing  must  have  some  influence  on  the  flowfleld  ahead  of  the  model? 

J.K. Wimpress,  US:  The  leading  edge  of  the  ground  plane  is  at  the  leading  edge  of  the  test  section.  A  flap  at  the 
trailing  edge  of  the  ground  plane  is  used  to  match  the  blockage  above  and  below  the  ground  plane  to  get  the  in¬ 
coming  stagnation  streamline  to  coma  stiaight  at  the  ground  plane.  In  addition,  the  leading  edge  of  the  ground 
plane  is  rounded  to  prevent  any  separation  bubble  at  the  leading  edge  of  the  ground  plane. 

D.N.Foster,  UK:  I  have  a  question  on  the  outboard  leading  edge  device.  You  said  that  there  was  a  smJl  gap 
between  the  trailing  edge  of  the  device  and  the  wing.  Is  this  a  result  of  the  mechanism  deploying  the  device,  or  is 
'  the  device  working  as  a  slat? 
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J.JCWimpress,  US:  The  leading  edge  Krueger  flap  does  act  like  a  slotted  slat. 

ELEricson,  US:  In  Figure  6  the  trends  shown  would  be  explained  by  elastic  effects,  but  the  magnitude  is  appar¬ 
ently  not  large  enough.  The  reason  I  ask  is  that  we  recently  found  at  Lockheed  that  a  missile  wing,  without  pods 
and  with  higher  sweep  than  37°  was  very  severely  affected  by  the  elastic  bending.  As  much  as  40%  loss  of  tip 
loading  was  predicted. 

J.K.Wimpress,  US:  Although  aeroelastic  effects  do  have  the  proper  trend  to  reduce  the  Cl  with  increasing 
wing  loading,  calculations  have  shown  that  they  are  too  small  to  account  for  the  values  indicated  by  flight  test. 

G.F.Moss,  UK:  Stalling  tests  at  full-scale  usually  have  to  be  made  at  high  altitude  for  safety. reasons  and  I  am  sure 
the  Boeing  747  is  no  exception.  This  means  that  Mach  number  is  significantly  higher  than  at  the  low  levels  where 
the  operational  problem  is  most  acute.  Remembering  the  figure  in  Mr  Foster’s  paper  which  showed  that  Mach 
number  effects  can  be  comparable  in  size  to  scale-effects  on  Cj,nl4X  ,  can  Mr  Wimpress  tell  us  whether  the  stalling 
tests  in  the  tunnel  were  made  at  Mach  numbers  matched  to  the  flight  values?  In  particular,  was  the  Mach  number 
controlled  during  the  scale-effect  tests  made  in  the  Ames  12  ft  tunnel? 

The  data  given  in  Figure  7  is  of  great  interest.  It  would  also  be  of  interest  to  see  what  the  variation  of  CLmax 
was  like  with  Mach  number  (at  constant  Reynolds’  number),  if  this  has  been  investigated. 

J.K.Wimpress,  US:  The  high  Reynolds  number  tests  at  the  12-foot  tunnel  of  the  NASA  Ames  Laboratory  were  run 
at  essentially  constant  Mach  number.  Below  a  Reynolds  number  of  about  1.5  x  106,  the  tunnel  was  operated  at 
constant  atmospheric  total  pressure  with  a  Mach  number  varying  between  approximately  0.16  to  0.25.  At  higher 
Reynolds  numbers,  the  total  pressure  in  the  tunnel  was  increased  so  as  to  retain  a  constant  Mach  number  of  0.25 
into  the  high  Reynolds  number  region. 

The  airplane  stall  tests  were  made  at  altitudes  varying  between  8,000  and  15,000  feet.  A  constant  airspeed  of 
110  knots  results  in  a  Mach  number  of  0.22  at  15,000  feet,  0.19  at  8,000  feet,  and  0.17  at  sea  level.  These  are 
relatively  small  variations  in  Mach  number,  and  no  consideration  was  given  in  the  certification  to  possible  lift 
improvements  that  might  occur  at  the  lower  Mach  number  at  sea  level.  This  procedure  is  realistic  since  the  curve 
in  Mr  Foster’s  paper  indicates  only  about  3  percent  difference  in  lift  between  the  highest  test  altitude  and  sea  level 
conditions. 


Discussion  of  Paper  22 

“Airflow  Separation  and  Buffet  Onset  During  Fighter  Aircraft  Maneuvering” 
presented  by  P.J.Butkewicz,  US 


A.M.O.Smith,  US:  I  was  interested  in  your  definition  of  buffet  onset  as  being  the  first  observable  separation. 

Prof.  Fred  Thomas  has  a  theory  that  buffet  onset  does  not  begin  with  the  first  separation  but  rather  when  the 
separation  moves  forward  to  and  becomes  coincident  with  the  shock.  These  appear  to  be  slightly  different  criteria 
and  phenomena.  Do  you  have  any  comments? 

P.J.Butkewicz,  US:  It  was  noted  in  all  of  the  Flight  Dynamics  Laboratory  sponsored  flight  test  programs,  that 
there  was  a  definite  buffet  felt  at  the  wing  tip  which  was  directly  correlatable  with  the  initial  airflow  separation 
at  that  location.  Since  the  purpose  of  the  research  effort  was  to  investigate  buffet  onset  for  various  fighter  aircraft, 
this  particular  criterion  for  buffet  onset  was  selected  as  a  logical  starting  point  to  relate  initial  airflow  separation 
and  buffet  onset. 

F.Thomas,  Germany:  The  theoretical  method  for  calculating  the  buffet  onset,  which  was  just  mentioned  by 
A.M.O.  Smith,  was  developed  a  few  years  ago  and  is  published  in  the  Jahrbuch  der  WGLR  1966.  A  more  advanced 
version  was  described  at  the  AGARD  Specialists’  Meeting  held  in  Gottingen,  Germany,  in  April  1971  (see  AGARD 
Conference  Proceedings  CP  83).  It  was  shown  that  the  onset  of  buffetting  was  predicted  very  satisfactorily  for 
quite  a  number  of  wings.  Good  agreement  between  calculation  and  flight  or  wind  tunnel  tests  can,  however,  only 
be  expected  for  wings  with  medium  or  large  aspect  ratios  (A  >  4),  medium  wing  thicknesses  (10-14%)  and  sweep 
angles  from  0°  up  to  45°.  For  this  kind  of  wing,  the  wing  section  shapes  play  a  predominant  part  in  the  separation 
pattern  of  the  wing.  It  is,  however,  not  possible  to  calculate  the  buffet  onset  with  this  method  for  the  highly  swept, 
small  aspect  ratio  wings  with  very  small  thicknesses,  which  are  typical  for  many  modern  high  speed  fighters.  The 
separation  pattern  of  these  wings  is  predominated  by  three-dimensional  effects,  and  it  seems  extremely  difficult  to 
find  a  mathematical  model  for  the  fluid  dynamics  of  such  wings  in  the  region  where  buffetting  occurs. 

P.J.Butkewicz,  US:  1  agree  with  you  fully.  As  1  mentioned  in  my  introductory  remarks,  typical  modern  high  speed 
aircraft  with  low  aspect  ratio,  short  swept  wings  are  highly  three-dimensional,  close  coupled  air  vehicles.  Consequent¬ 
ly,  three-dimensional  effects  dominate  the  separation  phenomena,  and  no  mathematical  models  are  available  to 
predict  the  fluid  dynamics.  !' 
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A.D.  Young,  UK:  You  showed  a  slide  showing  a  polar  for  an  extended  slat  which  indicated  a  reduction  of  drag  due 
to  the  slat  for  lift  coefficients  greater  than  that  at  which  you  would  otherwise  expect  buffet  onset.  What  happens 
with  a  trailing  edge  flap? 

P.J.Butkewicz,  US:  The  drag  polar  which  was  shown  resulted  from  data  acquired  from  a  separate  research  effort. 

No  drag  polars  were  obtained  for  any  other  wing  configurations. 

C.LBore,  UK:  May  I  give  a  warning  about  the  use  of  trailing  edge  pressure  points  as  universal  correlators  with  wing 
buffet  onset?  Trailing  edge  pressure  points  indicate  when  boundary  layer  separation  has  reached  the  trailing  edge. 
They  may  correlate  quite  well  with  buffet  on  a  group  of  wings  all  of  which  have  been  designed  in  a  similar  manner. 
However,  if  a  wing  were  designed  differently,  there  need  not  be  correlation.  F;or  example,  on  the  Harrier,  the  flow 
on  the  wing  tip  does  not  separate  at  any  incidence,  so  a  static  pressure  hole  there  would  not  indicate  buffet  onset 
at  all. 

J.P.Butkewicz,  US:  Your  point  is  well  taken.  The  specific  aircraft  configuration  and  design  conditions  must  be 
taken  into  consideration  in  any  analysis.  Also,  sole  reliance  on  wing  tips  or  trailing  edge  instrumentation  alone  is 
not  recommended  in  an  overall  buffet  investigation.  Wing  root  strain  gauges  and  accelerometers,  as  well  as  acceler¬ 
ometers  at  the  aircraft  center  of  gravity  and  pilot’s  seat  are  essential  for  an  understanding  of  the  full  spectrum  of 
the  problem. 

R.M.Bowman,  US:  Although  I  came  here  as  a  scientist,  1  am  also  an  ex-F.4  pilot  and  I  would  like  to  express  my 
agreement  with  Major  Butkewicz  on  the  acceptability  of  buffet  to  the  pilot.  Buffet,  though  it  reduces  aerodyna¬ 
mic  efficiency,  does  have  some  beneficial  side-effects  as  a  stall  warning  (as  has  already  been  brought  out)  and  also 
as  an  indication  of  angle  of  attack.  In  a  combat  situation,  the  pilot  cannot  watch  an  instrument  and  must  judge 
his  optimum  maneuvering  angle  of  attack  by  aircraft  “feel”.  In  the  F.4  this  is  marked  by  a  particular  level  of 
buffet  which  the  pilot  learns  to  judge  quite  accurately. 

For  this  and  other  reasons,  I  don’t  think  a  definition  of  “onset  of  buffet”  which  cannot  be  felt  in  the  cockpit 
would  or  should  gain  widespread  acceptance.  Major  Butkewicz’s  point  that  separation  at  the  tips  should  receive 
design  attention  even  though  it  cannot  be  felt  is  well  taken.  Still,  I  think  another  word  (such  as  onset  of  separa¬ 
tion)  should  be  found  so  that  “buffet”  can  remain  a  phenomena  on  which  pilots  and  engineers  can  understand  and 
agree  with  one  another. 

J.P.Butkewicz,  US:  As  to  your  first  comment,  the  concluding  remarks  section  of  my  paper  are  in  complete  agree¬ 
ment  with  you.  However,  speaking  from  the  standpoint  of  one  who  must  develop  efficient,  maneuverable  combat 
machines,  I  maintain  that  buffet  onset  has  already  occurred  long  before  it  is  felt  by  the  pilot,  and  it  is  in  the  early 
stages  where  the  engineer  can  best  take  remedial  action  to  delay  the  buffet  progression  and  reduce  its  intensity. 


Discussion  of  Paper  23 

“The  Dynamic  Analysis  of  Buffetting  and  Related  Phenomena” 
presented  by  J.G.Jones,  UK 


M.Lotz,  Germany:  I  think  it  is  not  a  meaningful  question  to  ask  whether  the  aerodynamic  excitation  is  the  same 
on  a  rigid  wing  and  on  a  flexible  wing.  The  aerodynamic  excitation  is  by  definition  the  force  which  would  act  on  a 
rigid  wing.  The  difference  between  this  force  and  the  force  on  the  flexible  wing  is  by  definition  the  aerodynamic 
damping  and,  if  it  has  a  component  in  phase  with  the  displacement,  the  aerodynamic  stiffness. 

J.G.Jones,  UK:  The  possibility  must  be  allowed  that  the  motion  of  a  flexible  wing  may  influence  the  statistical 
properties  of  the  aerodynamic  excitation.  A  valid  measurement  of  the  motion-dependent  aerodynamic  force  on  a 
flexible  wing  may  be  made  in  principle  by  the  introduction  of  an  external  test  signal,  as  described  in  Section  7. 

The  aerodynamic  excitation  may  be  deduced  by  subtraction  of  the  motion-dependent  component  from  the  total 
aerodynamic  force.  It  is  then  meaningful  to  ask  if  the  aerodynamic  excitation  of  the  flexible  wing,  measured  in  this 
way,  is  the  same  as  the  aerodynamic  force  on  a  rigid  wing. 

ELEricson,  US  (Comments  only):  A  simple  substitution  of  U-'  (9z/3t)  =  z/U  for  0  in  the  analysis  presented  in 
“Unsteady  Airfoil  Stall  and  Stall  Flutter”,  NASA  CR-1 1 1906,  June  1970,  by  L.E.Ericson  and  J.P.Reding,  should 
produce  the  apparent  damping  trends  shown  in  Figure  10  for  shock  induced  separation  (provided  that  needed  static 
experimental  data  is  available). 
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Discussion  of  Paper  24 

“Maneuver  and  Buffet  Characteristics  of  Fighter  Aircraft” 
presented  by  EJ.Ray  and  L.W.McKinney,  US 


A.M.O.Smith,  US:  The  strake  is  a  very  effective  device.  It  is  interesting  to  remark  that  it  was  discovered  and  applied 
in  a  different  form  about  1936  to  increase  the  vertical  tail  effectiveness  of  the  DC  3.  It  was  called  a  dorsal  fin  in 
this  case. 

EJ.Ray,  US:  Yes,  vortex  lift  strakes  indicate  a  potential  for  a  variety  of  interesting  applications. 

G.F.Moss,  UK:  With  a  highly  swept  strake  which  has  a  sharp  leading  edge,  a  vortex  of  considerable  energy  will  be 
shed.  Has  Mr  Ray  considered  the  effect  on  buffet-limited  usable  lift  of  possible  vortex  bursting? 

EJ.Ray,  US:  The  highly  swept  strake  did  have  a  sharp  leading  edge  and  it  was  evidenced  in  the  results  presented 
that  there  was  a  substantial  vortex  lift  increment  as  a  result  of  the  strake  addition.  With  regard  to  buffet  character¬ 
istics,  the  study  indicated  that  the  onset  of  a  mild  buffet  occurred  at  a  comparatively  low  lift  coefficient  when  the 
strake  was  incorporated;  however  there  was  a  definite  reduction  in  the  rise  of  the  apparent  intensity  levels. 

LC.Bore,  UK:  May  I  comment  on  the  use  of  buffet  onset  as  the  criterion  for  judging  the  usefulness  of  devices, 
such  as  trailing-edge  flaps?  In  our  experience,  it  is  possible  to  have  conditions  where  a  device  (say,  a  flap)  increases 
the  CL  for  buffet  onset,  but  reduces  the  maximum  usable  CL  (which  is  the  more  important  criterion).  Would 
you  comment  on  this? 

E-J.Ray,  US:  The  comments  which  were  presented  regarding  buffet  characteristics  were  concerned  with  the 
conditions  at  which  the  onset  of  buffet  might  occur,  or  more  specifically  the  initial  point  of  separated  flow.  In 
so  far  as  the  assessment  of  factors  affecting  maximum  usable  CL  are  concerned,  the  determination  of  restrictive 
buffet  intensity  levels  was  not  within  the  scope  of  the  present  studies. 


Discussion  of  Paper  25 

“Aerodynamic  Design  and  Flight  Test  of  US  Navy  Aircraft 
at  High  Angles  of  Attack” 
presented  by  W.R.  Burris  and  J.T.  Lawrence,  US 
including  comments  concerned  with  the  contribution  made  by  M.  Pli.Poisson-Quinton 


EL.Ericson,  US:  In  regard  to  the  dynamic  stall  data  shown  by  M  Poisson-Quinton,  here  is  one  case  where  static 
and  dynamic  considerations  do  not  warrant  a  compromise.  The  higher  one  drives  .  totic  CL  ,  through  nose 
droop  for  example,  the  less  the  dynamic  overshoot  of  static  stall  will  be,  and,  as  a  consequence,  the  negative  damp¬ 
ing  generated  at  stall  penetration  will  be  less  (with  associated  decreased  tendency  towards  stall  flutter). 

D.J.Moorhouse,  UK:  Stall  in  gusts  was  given  as  an  area  which  requires  further  study,  with  which  I  agree.  Also  it 
was  stated  that  helicopter  people  have  given  us  an  understanding  of  dynamic  stall.  Helicopter  studies  are  concerned 
with  sinusoidal  disturbances  which  are  not  applicable  to  fixed  wi.,g  aircraft,  or  to  gusts.  Do  you  agree  that  further 
work  is  required  to  define  dynamic  stall  in  an  arbitrary  motion? 

Ph.Poisson-Quinton,  France:  I  agree  completely. 

J.G.Jones,  UK:  I  would  like  to  compliment  Mr  Lawrence  on  his  thorough  review  of  the  problems  involved  in  air¬ 
craft  manoeuvres  at  high  angles  of  attack.  As  we  shall  be  returning  to  these  general  problems  tomorrow  I  limit 
myself  here  to  three  questions  of  detail. 

1.  With  reference  to  the  0.03  g  criterion  for  buffet  onset,  should  not  some  specification  of  the  bandwidth  of  the 
acceleration  signal  be  provided  to  allow  meaningful  comparison  of  buffetting  intensities? 

2.  Does  Mr  Lawrence  know  of  any  applications  of  the  Cn(J  criterion  .or  loss  of  stability  at  high  subsonic  Mach 

numbers,  say  greater  than  0.7?  Does  he  agree  that  other  criteria,  such  as  the  adverse-yaw  criterion 

may  prove  to  be  equally  useful? 

3.  I  was  surprised  to  .ee  flying  qualities  rated  so  low  in  importance  in  the  pilots’  list  of  adverse  properties  of  an 
aircraft  at  high  lift.  Could  Mr  Lawrence  clarify  what  he  includes  in  “flying  qualities"  in  this  context.  Surely 
phenomena  such  as  nose-slice  must  be  at  the  top  of  the  list? 
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J.T.Lawrence,  US: 

1.  US  Navy  experience  has  been  that  opinion  obtained  during  flight  test  from  a  number  of  pilots  on  each  aircraft 
agrees  ve»y  well  with  the  ±0.05  g  at  the  airplane  center  of  gravity.  These  measurements  are  normally  made 
during  wind-up  turn  maneuver  so  that  there  is  a  near  constant  build  up  in  normal  acceleration,  and  it  has  been 
a  relatively  simple  task  to  pick  out  the  ±0.05  g  value  from  flight  test  data. 

2.  Application  of  the  Cn/Jdyn  parameter  has  been  limited  to  the  subsonic  flight  regime  for  the  most  part.  I  am 
not  aware  f  any  good  correlation  which  has  been  made  in  the  transonic  region.  Concerning  additional  para¬ 
meters,  the  paper  discusses  the  need  for  research  to  determine  additional  parameters  for  determining  high 
angle  of  attick  characteristics.  Although  the  A.7  and  F.4  examples  used  in  our  paper  displayed  good  correla¬ 
tion  between  Cn(Jdyn  and  flight  test,  we  feel  that  other  parameters  must  be  found  to  augment  CnMyn  to 
obtain  the  total  story. 

3.  The  list  referred  to  was  for  pilot  determination  of  the  so-called  “optimum”  maneuvering  angle  of  attack.  In 
this  regard  the  pilot  is  primarily  interested  in  the  maneuvering  performance  of  his  aircraft  and  is  therefore 
willing  to  accept  degraded  flying  qualities  in  this  regime.  It  will  be  noted,  however,  that  the  optimum  maneu¬ 
vering  angles  of  attack  shown  occurred  at  angles  well  below  heavy  buffet  and  stall/departure.  The  pilot,  there¬ 
fore,  does  not  fly  anywhere  near  such  characteristics  as  nose-slice  when  operating  at  his  optimum  maneuvering 
angle  of  attack. 

G.J. Hancock,  UK: 

1.  Is  an  indication  of  incidence  given  to  a  pilot? 

2.  No  mention  of  rotary  balance  tests,  or  of  model  dynamic  tests  was  made  in  the  lecture.  Are  such  tests 
performed? 

3.  Curves  of  Cn  ~  a  are  given  in  the  text  in  which  the  various  points  of  buffet  onsei,  stall,  etc.  are  identified. 

Qip  is  also  shown.  Are  similar  curves  for  CM  ~  a  ,  CD  ~  a  ,  C/  ~  a ,  0  available? 

J.T.Lawrence,  US: 

1.  Yes.  Navy  aircraft  have  an  angle  of  attack  indicator  for  the  pilot  which  is  calibrated  in  “units”.  For  each 
type  of  aircraft  the  “units"  correspond  to  different  “degrees”,  however,  and  for  my  paper  I  have  corrected 
the  “units”  to  “degrees”  for  the  three  examples  used. 

2.  The  paper  does  cover  the  so-called  dynamic  derivative  tests.  Yes,  rotary  balance  as  well  as  forced  oscillation 
balance  techniques  are  used  to  obtain  the  dynamic  stability  derivatives.  There  are  in  addition  to  the  free 
“flight”  tests  conducted  in  the  NASA  Langley  Research  Center  30  x  60  ft  tunnel. 

3.  Yes,  these  additional  data  are  available  although  I  do  not  have  them  with  me  here.  The  curves  I  have  shown 
are  trimmed  lift  curves  and  I  have  indicated  pitching  moment  characteristics  by  stating,  for  instance,  that  the 
stall  on  batn  the  basic  and  slatted  leading  edge  F.4  configurations  is  partially  defined  by  nose  rise  tendencies 
which  is  indicative  of  a  reduction  of  Cm  —  a  . 

J.Seddon,  UK:  I  hope  I  may  be  allowed  to  express  the  appreciation  of  the  meeting  to  Mr  Lawrence  for  a  most 
stimulating  and  highly  significant  presentation.  As  M.  Poisson-Quinton  remarked,  this  brought  the  meeting  to  the 
“moment  of  truth"  and  1  imagine  that  all  the  classical  aerodynarucists  among  us  are  asking  ourselves  whether  the 
things  we  are  doing  arc  contributing  effectively  to  the  real  problem. 

I  have  two  questions.  Firstly,  in  describing  the  design  process,  Mr  Lawrence,  you  mentioned  the  drawback 
that  all  the  tests  were  at  low  Mach  number.  How  far  are  you  really  committed  to  that  situation  and  not  able  to 
make  tests  at  the  appropriate  Mach  numbers. 

J.T.Lawrence,  US:  With  current  facilities  it  is  not  possible  to  obtain  high  Mach  and  Reynolds  numbers  simultaneous¬ 
ly,  particularly  at  the  high  angles  of  attack.  Also,  we  are  interested  in  obtaining  a  consistent  set  of  data  up  through 
the  spin  regime  which  means  testing  to  90°  angle  of  attack.  Current  facilities  limit  testing  to  a  Mach  number  of 
about  0.2,  which  high  Reynolds  number  can  only  be  achieved  at  NASA  Ames  Research  Center  in  the  12  ft  pressure 
tunnel. 

J.Seddon,  UK:  So  this  is  an  important  part  of  the  case  for  a  high  Reynolds  >'"mber  transonic  tunnel? 

J.T.Lawrence,  US:  Very  definitely. 

J.Seddon,  UK.  My  second  question  is  this.  In  your  final  vugraph  you  emphasized  the  importance  of  researen 
Would  you  care  to  express  a  view  as  to  where  the  emphasis  should  be  placed  in  research? 

J.T.Lawrence,  US.  Most  research  to  date  has  been  concerned  with  post-stall  and  spins.  We  feel  that  the  prime  areas 
for  future  research  are  in  the  usable  angle  of  attack  range  up  to  stall/departure,  and  in  the  area  of  stall/spin  avoid¬ 
ance/prevention. 
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D.Zonars,  US:  Did;we  understand, you  correctly  that  an -analytical  method  exists  to  predict  the  onset  of  buffet?  Is 
it  for  an  arbitrary  three-dimensional  configuration  or  a  two-dimensional  shape,  and  for  what  Mach  number  range? 
That  is,  does  it  include  transonic  speed  characteristics? 

j.T.Lawrence,  US:  The  method  used. to  predict  buffet, onset  is  empirical  in  that  the  buffet  onset  characteristics  of 
many  different  aircraft  were  combined  to  arrive  at  the  prediction  method.  The  work  was  accomplished  a  few  years 
ago  by  Lindsay  of  the  Nt-  'al  Air  System  Command,  and  has  been  published  as  a  Naval  Ships  Research  and  Develop¬ 
ment  Center  Report.  Basically,  the  method  yields  the  lift  coefficients  for  buffet  onset  at  M  =  0.6  and  M  =  0.7  , 
as  well  as  the  Mach  number  for  zero  lift  buffet  for  aircraft  which  display  this  characteristic,  or  the  lift  coefficient 
and  Mach  number,  for  minimum  buffer  onset  lift  coefficient. 

A.D. Young,  UK: 

1.  Could  you  say  something  about  the  effects  of  stores  that  you  carry  on  the  stalling  characteristics  of  the  aircraft? 

2.  In  view  of  what  you  say  would  you  agree  that  the  aircraft  design  should  be  developed  from  the  first  with  the 
stores  in  mind? 

J.T.Lawrence,  US: 

1.  Stores  do  have  an  effect  on  the  stall/departure  characteiistics,  more  on  some  aircraft  than  on  others.  Even  on 
a  given  aircraft  the  location  of  the  stores  can  make  a  difference.  The  F.4  is  a  good  example.  Stores  carried  cn 
the  fuselage  centerline,  including  a  600  gallon  fuel  tank,  have  a  negligible  effect  on  the  flying  qualities.  Wing 
mounted  stores,  however,  and  especially  asymmetric  store  loadings  can  have  a  very  significant  effect  on  the 
high  angle  of  attack  for  stall/departure,  as  well  as  affecting  the  character  of  the  stall/departure. 

2.  Very  definitely.  For  the  types  of  aircraft  which  I  have  been  discussing,  that  is  highly  maneuverable  fighter  and 
attack  aircraft,  their  primary  mission  is  to  carry  and  deliver  stores.  Therefore,  store  loadings  must  be  taken 
into  account  from  the  very  conception  of  a  design.  This  is,  in  fact,  the  case  with  current  US  Navy  designs, 
including  both  engineering  development  and  flight  test. 

J.Lievens,  France:  L’influence  des  charges  exterieures  dissymetriques  se  fait  sentir  par  l’intermediaire: 
d’un  deplacement  du  centre  de  gravite  de  l’avion, 

-  d’une  dissymetrisation  des  formes  extemes. 

Avez-vous  pu  jugcr  de  l’importance  respective  de  ces  deux  effets? 

L7.  Lawrence,  US:  Although  we  have  not  separated  the  effects  of  center  of  gravity  shift  and  aerodynamic  character¬ 
istics  'v.  the  overall  behaviour  of  an  aircraft  with  asvmmetric  stores  at  high  angles  of  attack,  I  feel  that  the  prir^ar/ 
effect  in  the  stall/departure  and  post-stall  regimes  comes  from  the  changes  in  inertia  properties  of  the  aircraft. 
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SUMMARY  OF  ROUND-TABLE  DISCUSSION* 


Chaired  by  Dr  J.Seddon  (UK),  the  Round-Table  Discussion  took  the  form  of  summaries  of  the  main  fields 
(Basic  Fluid  Dynamics,  by  Prof.  K.Gersten,  Germany;  Theory  and  Experiment  on  Wings,  by  A.M.O.Smith,  US; 
and  Flight  Experience,  by  Mr.  J.K.Wimpress,  US),  which  were  followed  by  general  discussion  and  by  reviews  made 
by  Mons.  C.J.Lievens  (France),  Mr  W.D.Horsfield  (UK)  and  Mr  M.Ingelman-Sundberg  (Sweden),  together  with 
closing  remarks  by  the  Chairman. 


I.  Basic  Fluid  Dynamics 

Prof.  Gersten  commented  first  that,  whilst  Prof.  Hancock’s  opening  paper  had  put  forward  careful  distinctions 
between  stalling,  “departure”,  flow  separation,  buffet  onset,  etc.,  the  meeting  had  shown  no  general  agreement  on 
matters  of  definition.  It  appeared  to  be  generally  accepted,  however,  that  whilst  separation  is  a  necessary  condition 
for  stalling,  stalling  is  not  necessarily  a  concomitant  of  separation.  In  the  simplest  case  of  separation  in  two- 
dimensional  flow,  the  need  for  further  theoretical  and  experimental  research  remains  evident:  experiments  need 
to  be  maae  at  higher  Reynolds  numbers,  with  parallel  theoretical  analyses.  The  flow  situation  comprises,  typically, 
laminar  separation  followed  by  transition  in  the  free  shear  layer,  and  then  turbulent  reattachment  followed  by 
turbulent  separation  towards  the  trailing  edge;  in  these  circumstances  it  is  no  longer  possible  to  calculate  the 
external  flow  separately  from  the  separated  region.  One  of  the  papers  presented  at  the  meeting  (Paper  5)  makes  a 
first  attack  on  the  problem;  mention  was  also  made  of  Jacob’s  approach,  and  there  is  also  the  possibility  of 
extending  A.M.O.Smith’s  method  to  this  strong-interaction  problem.  As  regards  laminar  separation  there  is  also 
available  the  paper,  published  in  1969  by  Miss  S.N.  Brown  and  Prof.  K.Stewartson  in  Vol.  1  of  Annual  Reviews  of 
Fluid  Mechanics  (ed.  W.R.Sears)  pp. 45-72. 

The  problem  of  the  free  shear  layer  has  not  yet  been  properly  posed  and  solved,  and  represents  an  important 
area  needing  further  study.  The  reattachment  region  needs  a  great  deal  more  investigation,  and  the  properties  of 
the  shear  layer  at  reattachment  constitute  the  initial  conditions  for  calculating  the  subsequent  (turbulent)  boundary- 
layer  development. 

Prof.  Domingos  stressed  first  the  importance  of  clear  terminology:  in  particular,  separation  refers  to  the  region 
where  the  mainstream  velocity  u  is  less  than  zero:  mathematically,  the  boundary-layer  equations  then  have  no 
classical  solution,  whilst  physically  the  approximations  based  on  order-of-magnitude  arguments  are  no  longer  valid. 
Usually,  separation  is  accompanied  by  transition  from  laminar  to  turbulent  flow  and  there  is  a  tendency  to  regard 
transition  and  separation  as  synonymous:  this  must  be  avoided.  The  above  definition  of  separation  applies  equally 
to  laminar  or  turbulent  flow  (in  the  latter  case  with  u  understood  to  be  u  )■ 

Because  different  phenomena  enter  at  separation,  both  mathematically  and  physically,  it  is  nc  longer  possible 
to  use  classical  boundary-layer  theory  in  any  fundamental  way,  for  the  flow  can  only  be  described  by  elliptic 
equations:  in  physical  terms,  downstream  effects  can  no  longer  be  neglected  within  the  separated-flow  region.  The 
complete  problem  can  be  treated  numerically.  For  an  approximate  treatment,  if  the  separated  region  is  small  its 
effects  on  the  outside  region  (where  u  >  0  and  boundary-layer  theory  can  be  used)  can  be  taken  into  account 
empirically  in  several  ways  including  profile  methods,  weighted-residual  methods  or  their  equivalent.  This  type  of 
approach  can  have  great  practical  value,  but  its  basic  inadequacies  should  be  dearly  understood,  together  with  the 
limited  scope  of  predictions  based  on  them. 

The  above  brief  remarks  relate  to  the  mathematical  treatment,  which  is  the  only  problem  in  laminar  flow. 

When  transition  occurs  after  separation  we  have  as  yet  no  adequate  physical  model  for  taking  turbulence  into  account 
in  the  basic  equations.  This  is  also  true  of  turbulent  separation,  even  when  a  turbulence  model  of  the  eddy-viscosity 
(or  a  more  refined)  type  can  correctly  predict  the  flow  up  to  separation  and  downstream  of  reattachment.  Only 
exceptionally  will  the  whole  flow  be  laminar;  and  the  problem  of  turbulence  is  still  far  from  solved.  For  these 
reasons  it  is  understandable  that  there  is  a  strong  tendency  to  ignore  what  can  be  accomplished  using  existing 
methods  for  solving  the  basic  elliptic  equations,  and  to  resort  to  empirical  approaches  covering  both  mathematical 
and  physical  aspects  of  the  problem.  This,  however,  provides  no  justification  for  confusion  over  concepts,  nor  for 
expecting  boundary-layer  theory  to  undertake  tasks  that  it  is  inherently  not  contrived  to  fulfil. 


It  has  not  been  possible  to  include  a  verbatim  account,  owing  to  a  technical  fault  in  the  recording  of  the  session,  discovered  afterwards. 
This  Summary  has  therefore  been  prepared  instead,  by  Dr  R.C.Pankhurst,  from  notes  taken  at  the  meeting,  together  with  written 
statements  kindly  provided  by  several  of  the  speakers.  Since  not  every  contribution  had  been  noted,  apologies  are  due  to  those  whose 
remarks  have  been  inadvertently  omitted. 
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The  Chairman  agreed  about  ihe  impropriety  of  continuing  to  use  ^ounjlary-itfycj  theory  in  regions  where  the 
flow  was  separated,  and  about  the  need  to  use  different  methods  of  solution:  in  practice  this  would  probably 
imply  going  over  to  numerical  analysis.  Ppof.  van  Ingen  added  that  the  classical  approach  to  solving  the  elliptic 
problem  of  the  viscous  flow  around  an  airfoil  section  js  a  repeated  application  of  parabolic  boundary  layer  calcula¬ 
tion  methods.  In  most  of  these  methods  the  boundary  layer  conditions  at  the  tailing-edge  of  the  airfoil  determine 
the  circulation  and  hence  the  upstream  pressure  distribution.  After  correcting  the  pressure  distribution  the  boundary 
layer  is  recalculated  etc.  Hence  the  ellipticity  of  the  problem  is  (at  least  approximately)  taken  into  account  by 
repeated  applications  of  a  parabolic  method.  Apart  from  mathematical  considerations,  Mr  Dobbinga  stressed  the 
great  complication  of  the  engineering  problems  discussed  at  the  meeting. 

The  Chairman  asked  if  the  general  line  of  advance  in  three-dimensional  flow  would  fee  by  way  of  gaining  a 
basic  understanding  or  by  a  more  direct  attack.  Dr  Korkegi  considered  that  the  line  of  advance  in  three-dimensional 
flows  will  be  through  .basic  understanding  of  the  physics.  As  regards  turbulent  boundary-layers,  the  transport 
properties  are  not  known  adequately,  so  that  use  is  still  made  of  concepts  such  as  eddy-viscosity  or  mixing  lengths. 
We  are  conscious  that  turbulent  transport  properties  are  dependent  on  flow  history,  unlike  laminar  properties  which 
are  dependent  only  on  local  conditions.  Further  progress  should  follow  with  improved  mathematical  models. 

Also,  in  respect  to  a  previous  comment,  he  would  not  be  inclined  to  discard  boundary-layer  theory  whenever 
flow  separation  arises.  While  he  agrees  in  principle  that  such  flows  ought  strictly  to  be  tackled  by  means  of  the 
Navier-Stokes  equations,  considerable  useful  progress  is  being  made  by  extending  boundary-layer  theory,  particularly 
in  cases  where  the  scale  of  separation  is  much  larger  than  the  boundary  layer  (or  shear  layer)  thickness. 


2.  Wing  Theory  and  Experiment 

Mr  A.M.O.Smith  observed  generally  that  we  are  getting  to  the  point  where  we  can  mak#  a  fairly  good  job  of 
analysing  fully  attached,  two-dimensional  flows.  Good  progress  js  being  made  and  several  of  the  papers  at  this 
meeting  represent  significant  steps  ahead.  1  herefore  it  seems  that  emphajig  on  the  problems  of  flows  with  partial 
separation  should  increase.  Two-dimensional  flows,  especially  fully  attached  flows,  are  attractive  to  analyse  and 
much  still  needs  to  be  done;  but  it  must  be  remembered  that  the  flows  of  importance  are  three-dimensional.  If 
we,  as  research  engineers,  are  to  be  realiy  useful  we  should  work  on  problems  that  help  the  designer,  not  just  ones 
for  which  we  can  easily  find  answers  and  produce  papers. 

Flows  with  partial  separation  should  be  attacked  with  both  careful  wind  tunnel  tests  and  theory.  Van  Ingen’s 
work  is  a  good  example  of  the  kind  of  work  needed.  By  1980  we  should  see  very  useful  three-dimensional  solutions 
in  the  low  Mach  number  region.  The  ’60’s  saw  us  fairly  well  clean  up  the  two-dimensional  problem  and  the  ’70’s 
will  probably  see  us  do  the  same  on  the  three-dimensional  problem.  But  the  three-dimensional  will  still  be  simple 
flows.  It  will  cover  wings  alone  and  bodies  of  nearly  any  cross  section,  but  definitely  not  wing-fuselage  combinations, 
nor  wings  with  nacelles  or  stores  on  them.  It  is  worth  noting,  however,  that  for  the  inviscid  flow  aspect  we  essential¬ 
ly  can  analyse  any  geometry  that  may  arise,  including  those  just  mentioned,  providing  bodies  are  streamlined  so  that 
gross  areas  of  separation  do  not  exist. 

The  hangup  is  in  the  part  where  neither  boundary-layer  nor  mviscid  theory  applies,  as  at  corners,  or  for  vortex 
generators,  fences,  etc.  It  is  worth  noting  that  one  book  is  already  available  on  the  subject  of  three-dimensional 
turbulent  boundary-layers  -  by  Nash  and  Patel. 

The  aerodynamics  of  design  can  be  broken  down  into  two  categories:- 

1.  Those  charged  with  final  design  must  work  along  in  any  way  they  can.  Often  they  must  cure  a  problem 
without  understanding  the  illness  at  all.  They  often  must  depend  on  cut  and  try  methods  using  both 
wind  tunnel  and  flight  tests.  For  this  kind  of  problem,  theory  is  inadequate  and  wind  tunnels  are  essential, 
this  is  ad  hoc  testing  and  it  is  rare  that  any  general  knowledge  is  gained  that  can  be  carried  forward  to  the 
next  design. 

2.  Somewhat  in  the  background,  more  often  following  than  leading,  is  the  science  of  fluid  dynamics.  Some¬ 
times  it  leads  by  pointing  out  something  new.  But  more  often  its  rule  is  to  analyse  an  existing  device 
more  accurately  and  give  understanding  to  basic  flow  phenomena.  Th*  design  aerodynamicist  can  then 
take  this  knowledge  and  do  a  better  job,  perhaps  by  eliminating  butches,  or  reducing  the  number  of  trica 
in  developing  a  “fix”.  Foster’s  and  F.X.Wortmann’s  papers  are  examples  that  help  point  out  proper 
directions  in  design.  Mr  Smith  said  he  would  expect  this  same  relative  role  to  continue  far  into  the  future. 

It  might  be  helpful  for  the  Panel  to  identify  important  problem  areas  and  by  so  doing  encourage  research  in 
those  areas.  As  already  indicated,  some  of  the  major  areas  are  flows  with  partial  separation  at  both  low  speed  and 
transonic.  Another  area  is  three-dimensional  flows.  We  have  advanced  to  the  point  where  work  in  this  area  should 
yield  results.  Ten  years  ago  it  would  have  been  somewhat  piemature,  other  than  doing  foundation  work,  such  as 
the  basic  equations.  !'  oq/i 
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In  simple  problems,  wind  tunnel  tests  at  chord  Reynolds  numbers  of  6  million  are  sufficient.  But  at  high 
Mach  numbers  where  new  effects  come  in,  that  may  not  be  enough.  Often,  components  are  much  smaller  than 
the  mean  aerodynamic  chord  so  their  own  Reynolds  numbers  would  still  be  quite  low.  A  wing  tip  on  a  highly 
tapered  wing  is  an  example.  Hence  Mr  Smith  would  favour  come  higher  Reynolds  number  facility.  However,  he 
warns  that  important  discrepancies  bciy/een  wind  tunnel  and  flight  will  still  exist,  even  though1  Mach  number  and 
Reynolds  number  were  matched  exactly.  Some  reasons  are:  1.  General  measuring  accuracy.  2.  A  model  is  never 
an  exact  reproduction  of  an  airplane.  3.  The  support  and  its  corrections.  4.  Waif  effects.  These  are  still  a  consider¬ 
able  mystery.  As  far  as  he  knows,  for  really  correct  testing  the  walls  should  have  different  porosities  for  drag 
measurement  than  they  do  for  lift  measurement. 

But  we  continue  to  run  into  troubles  requiring  very  costly  flight  tests.  Hence  further  improvement  in  accuracy 
of  wind  tunnel  tests  certainly  seems  warranted. 

The  Chairman  observed  that  whilst  it  was  not  going  to  be  possible  to  get  away  from  development  work  com¬ 
pletely,  research  workers  should  surely  take  their  work  forward  as  far  as  they  could.  He  invited  comments  on  the 
proposition  that,  in  wind  tunnel  investigations,  greater  emphasis  needs  to  be  placed  on  the  task  of  distinguishing  and 
quantifying  the  respective  effects  of  Reynolds  number  and  Mach  number  on  high-lift  systems.  Major  Bowman 
suggested  that  theory  and  experiment  would  eventually  become  effectively  integrated  in  an  “electronic  wind  tunnel” 
in  which  experiments  would  be  made  (on  a  computer)  that  would  simulate  a  required  situation  better  than  is 
possible  in  the  conventional  wind  tunnel  as  we  know  it  today.  Meanwhile,  methods  are  now  available  for  calculating 
three-dimensional  flows  with  shock  waves;  other  work  is  in  hand  on  viscous  problems,  and  the  two  advances  will 
later  have  to  be  tied  together.  However,  Mr  Foster  felt  that  we  are  not  likely  to  be  able  to  calculate  the  complex 
flow  around  a  finite-aspect-ra(j0  wing  with  high-lift  devices,  and  so  we  shall  need  to  continue  to  resort  to  wind 
tunnel  testing.  The  requirement  of  extrapolating  to  full-scale  Reynolds  numbers,  combined  with  the  large  effects  of 
Mach  number,  makes  it  essential  to  be  able  to  measure  the  effects  of  these  two  variables  separately  by  means  of  a 
pressurised  wind  tunnel. 


3.  Flight  Experience 

As  an  applied  acrodynamicist  interested  in  aircraft  design,  Mr  Wjjnpress  was  impressed  by  the  capability  of  the 
theoretical  aerodynamicist  to  describe  analytically  the  flow  pattern  under  conditions  of  separated  flow.  The  large 
capacity  computer  with  its  ability  to  handle  readily  large  matrix  equations  has  enabled  the  theoretician  to  make 
appreciable  advances  in  the  last  several  years.  On  the  other  hand,  hp  was  somewhat  disturbed  by  a  large  amount  of 
effort  being  put  into  the  precise  analytical  description  of  the  separated  flows.  To  the  design  aerodynamicist,  a 
separated  flow,  generally,  is  an  undesirable  condition.  It  is  a  bound  or  limitation  to  the  pcifnjmance  of  an  aero¬ 
dynamic  surface.  More  effort  should  be  expended  in  learning  about  the  conditions  that  cause  separation  so  they 
can  be  eliminated  and  this  bound  pushed  back  with  a  resulting  improvement  in  aerodynamic  performance. 

Theoretical  aerodynamicists  need  to  appreciate  the  tremendous  pressures  of  time  and  money  under  which  the 
design  aerodynamicist  operates.  If  an  analytical  procedure  is  to  be  used  during  an  aircraft  design,  it  must  be  readily 
understood  and  readily  applied  to  the  real  situation.  Too  often,  good  theoretical  work  is  left  in  so  complicated  a 
form  that  f jje  Resign  aerodynamicist  must  cast  it  aside  and  use  a  simpler,  more  empirical  approach.  Also,  the 
theoretical  aerodynamicist  can  contribute  to  the  development  process  by  describing  the  basic  physics  of  fundamental 
flow  patterns  so  that  tiie  applied  aerodynamicist  can  recognize  them  when  they  are  encountered  in  airplane  design. 

Airplanes  using  power  to  sustain  an  appreciable  portion  of  their  weight  are  being  developed  all  over  the  world. 
These  airplanes  will  not  have  a  stall  as  we  normally  interpret  it  for  conventional  airplanes.  The  industry  has  little 
experience  in  this  type  of  aircraft.  With  the  exception  of  the  Harrier,  there  appears  to  be  no  production  airplane 
routinely  flying  below  its  power-off  stall  speed.  Certifies/ ion  rules  for  proper  margins  for  this  type  of  aircraft  have 
not  yet  been  defined,  although  much  thought  has  been  given  to  it  about  the  world.  In  the  past,  design  certification 
rules  were  developed  only  after  an  airplane  representative  of  the  type  had  been  flown,  tested  and  thoroughly  evalu¬ 
ated.  That  is,  operational  and  certification  rules  developed  after  a  successful  design  was  developed,  not  before. 
Powered-lift  airplanes  will  be  no  exception,  and  it  is  time  to  develop  such  an  aircraft  so  that  its  operational  limita¬ 
tions  can  be  investigated. 

In  Mr  Wimpress’s  view,  wind  tunnels  and  other  experimental  laboratories  will  always  be  necessary  to  handle  the 
many  non-linear  problems  encountered  in  aircraft  design  that  are  not  susceptible  to  theoretical  analysis:  he  did  not 
share  the  feeling  of  many  that  if  high  Reynolds  number  facilities  were  available  for  wind  tunnel  testing,  most  of 
our  flight  test/wind  tunnel  data  anomalies  would  disappear.  There  are  other  factors  that  are  probably  more  import¬ 
ant,  such  as  proper  model  representation  of  the  airplane,  support  system  interference,  and  tunnel  wall  constraints, 
particularly  very  close  to  Mach  1.  Some  of  the  effects  of  these  factors  are  even  more  difficult  to  extrapolate  from 
the  model  data  to  the  full  scale  quantities  than  are  those  changes  associated  with  Reynolds  number  differences. 
Better  design  data  might  well  be  obtained  by  concentrating  on  these  areas  than  through  equivalent  effort  towards 
obtaining  full-scale  Reynolds  number  representation. 


Mr  Antonatos  agreed  about  the  continuing  need  for  wind  tunnel  investigations;  an  experimental  approach  is 
essential,  to  the  evaluation  of  any  new  aircraft  type. 


4.  Review  Statements 

Mons  Lievens  began  by  discussing  Reynolds  number  effects.  Whether  in  comparing  theories  or  in  extrapolating 
results,  it  is  essential  to  distinguish  major  effects  (changes  in  type  of  flow)  from  minor  effects,  and  to  take  cognis¬ 
ance  of  corrections  needed  in  the  case  of  particular  wind  tunnels:  these  various  aspects  must  be  carefully  separated. 
The  first  requirement,  rather  than  simply  to  achieve  a  high  Reynolds  number,  ,s  to  ensure  the  right  type  of  flow:  if 
the  type  of  flow  is  correctly  reproduced,  then  extrapolating  the  results  to  full-scale  conditions  is  fairly  easy.  Thus 
we  must  have  adequate  prediction  methods:  Paper  6  is  particularly  relevant  here,  and  other  work  is  in  progress 
elsewhere.  On  the  other  hand,  wind  tunnel  corrections  appear  to  be  receiving  insufficient  attention.  High  Reynolds 
numbers  are  certainly  highly  desirable,  but  there  is  no  given  value  above  which  full-scale  conditions  always  exist. 
Again,  many  mistakes  have  been  made  in  the  past  by  paying  inadequate  attemion  to  information  obtained  at  lower 
Reynolds  number  and  ascribing  to  the  low  Reynolds  number  a  failure  to  foresee  phenomena  encountered  subsequent¬ 
ly:  all  situations  must  be  analysed  completely.  It  is  essential  to  devote  large  amounts  of  effort  to  evaluating  tunnel 
corrections,  to  developing  powerful  theoretical  tools  for  identifying  the  situations  to  be  studied  in  the  wind  tunnel, 
and  to  exploiting  fully  the  results. 

Mr  Horsfield  felt  that  there  is  too  often  a  tendency  to  conduct  “backward-looking  research”  to  improve  aircraft 
retrospectively:  there  is  a  pressing  need  for  forward-looking  project  research  that  gets  all  too  easily  suppressed  under 
everyday  pressures.  It  would  be  invaluable  to  experiment  in  the  wind  tunnel  on  aircraft  projects,  extending  the  range 
of  the  stalling  investigations  right  up  to  the  conditions  of  “departure”,  which  he  agreed  to  be  of  greater  importance 
than  the  spin. 

After  recalling  that  the  Chairman  had  asked  what  help  the  theoretician  could  give  i  solving  the  problem  of 
predicting  separation  on  aircraft,  and  that  one  of  the  things  that  Prof.  Gersten  suggested  for  analysis  was  the  trans¬ 
ition  development  above  laminar  separation  bubbles,  Mr  Ingelman-Sundberg  pointed  out  that  one  of  the  real  problems 
facing  the  aircraft  designer  is  the  prediction,  from  low  Reynolds  number  wind  tunnel  tests,  of  full-scale  high  Reynolds 
number  maximum  lift  coefficients.  The  errors  in  the  model  test  are  of  two  different  types:  model  separation  at  the 
leading  edges  can  be  of  the  laminar  type  when  the  corresponding  full-scale  aircraft  will  experience  turbulent  separa¬ 
tion,  and  the  turbulent  boundary  layer  over  the  rear  of  the  wing  will  also  be  relatively  thicker  and  less  resistant  to 
adverse  pressure  gradients  in  the  model  than  in  the  full-scale  case.  The  separation  kind  of  errors  are  very  large  and 
probably  dominate  the  errors  due  to  effects  of  the  too  thick  turbulent  boundary  layer  rearward. 

If  it  were  possible  to  predict  theoretically  the  transition  point  for  the  full-scale  case  this  would  be  of  great 
importance  because  it  would  then  be  possible  lo  know  if  one  should  use  transition  trips  on  the  model  forward  of 
the  laminar  separation  point  or  possibly  not. 

It  is  all  the  more  important  as  there  is  no  mean  chord  model  Reynolds  number  which  can  be  said  to  be  suffici¬ 
ent,  except  the  full-scale  value,  which  however  does  not  seem  to  be  an  economic  optimum  either,  for  a  complete 
aircraft  configuration.  If  a  change  in  separation  type  over  a  slat  or  leading  edge  occurs  at  70%  of  full-scale  Reynolds 
number,  a  test  at  60%  is  not  at  all  good  even  if  this  is  a  very  high  Reynolds  number.  On  the  other  hand  if  the 
separation  type  is  already  correct  at  10%  full-scale  Reynolds  number  the  test  at  that  value  is  a  good  one. 

The  economic  value  of  finding  a  theoretical  method  for  predicting  the  relative  locations  of  the  transition  and 
laminar  separation  points  would  really  be  very  large. 

One  example  of  what  can  be  done  with  transition  trips  for  high  angle  of  attack  testing  of  a  model  modified 
with  a  peaky  profile  is  shown  in  Figure  1.  The  aircraft  has  a  moderately  swept  wing  and  the  model  Reynolds 
number  is  2  million  based  on  mean  chord. 

The  maximum  lift  was  limited  by  a  long  bubble-type  of  laminar  leading  edge  separation.  The  modification  from 
the  ordinary  profile  to  the  peaky  type  caused  a  loss  in  model  CLmax  of  more  than  0.2  for  both  clean  and  landing 
configurations. 

Preventing  the  laminar  separation  with  tiansition  trips  one  row  of  tape  bulbs  1/4000  diord  high,  also  prevented 
the  drop  in  maximum  Cl  .  Later  the  flight  tests  at  Re  =  10  million  with  the  full-scale  aircraft  snowed  that  the 
peaky  modification  had  not  influenced  the  stall  speed.  The  factor  4.5  in  Reynolds  number  in  this  case  caused  a 
complete  change  in  stall  type  and  even  with  that  relatively  typical  model  Reynolds  number,  he  tests  would  have 
been  misleading  without  the  transition  technique  and  surface  flow  studies. 

Regarding  the  Chairman’s  question  if  something  could  have  been  overlooked  in  the  program  and  discussions, 
possibly  surface  roughness  effects  (especially  at  leading  edges)  could  have  deserved  a  little  more  attention.  It  was 
mentioned  briefly  earlier  by  one  speaker  who  called  “tarmac  on  leading  edges  a  very  local  pwblem”. 
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On  fast  military  aircraft  in  service,  however,  rain  erosion  effects  on  leading  edges  can  be  a  rather  common 
problem  influencing,  at  least  on  certain  aircraft  types,  the  stall  behaviour.  Tim  swept  wing  attack  aircraft  m  Figure 
2  with  a  64 AO  10  section  is  an  example  of  this. 

Aften  ten  years  in  service  an  increasing  number  of  individual  aircraft  have  developed  a  disturbing  yaw  tendency 
at  roughly  “over  the  fence  speed”  of  260  270  km/hour  indicated.  A  slight  disturbance  existed  also  on  normal 
aircraft  but  on  cer  Jn  specimens  it  had  grown  to  an  unacceptable  level  needing  full  rudder  for  control.  The  yaw  is 
caused  by  a  slightly  unsymim  trical  onset  of  leading  edge  separation  outside  the  lc„.  .ng  edge  fences.  With  symmet¬ 
rical  separation  the  yaw  disappears  and  the  plane  is  fully  controllable  down  to  much  lower  speed. 

Inspection  of  one  of  the  problem  aircraft  selected  for  tests  showed  visible  ram  erosion  marks  which,  however, 
when  measured  with  a  roughness  meter  were  not  more  than  0.006  mm  top  to  bottom  compared  with  0.000b  mm 
on  new  aircraft.  The  leading  edges  are  normally  left  without  paint. 

Ii  «as  assumed  that  the  only  possible  way  the  roughness  could  influence  the  flow  would  be  by  triggering 
trans.tion  and  changing  separation  from  possibly  laminar  type  to  a  turbulent  type.  In  the  case  when,  due  to 
unsymmctrical  roughness,  this  occurred  only  o<i  one  wing,  separation  would  be  postponed  to  a  lower  spr:d  and 
thus  the  yaw  developed. 

On  this  aircraft,  which  was  so  bad  that  it  was  unacceptable  for  service,  tests  have  been  made  to  trip  the  bound¬ 
ary  layer  symmetrically  with  a  72  mm  wide  and  0.2  mm  thick  tape  which  was  put  over  the  leading  edge  outside  the 
fences  The  top  edge  of  the  tape  is  located  where  the  transition  trips  in  wind  tunnel  models  have  been  shown  to  be 
effective. 

The  yaw  disturbance  befom  the  landing  almost  disappeared  and  it  was  even  less  diar.  for  normal  aircraft. 

Although  the  tests  arc  not  yet  completed  it  seems  possible  that  the  use  of  transition  trips  can  be  a  means  not 
only  to  compensate  for  :co  low  model  Reynolds  numbers  in  wind  tunnels  but  also  as  a  tool  for  modifying  the  stall 
characteristics  of  certain  full-scale  aircraft. 


5.  Conclusion 

The  Chairman  said  that  it  was  scarcely  possible  to  sum  up  the  nclusions  of  the  Round  Table  in  a  few  words, 
indeed,  the  Round  Table  had  itself  stimulated  further  thoughts,  around  which  discussion  should  be  continued.  As 
regards  fundamental  research,  however,  he  urged  that  greater  attention  might  be  paid  to  flow  reattachment  and 
downstream  development,  to  balance  the  emphasis  currently  being  placed  on  the  separation  phenomenon.  Also, 
due  account  sho’  ’  be  taken  of  what  could  be  achieved  by  numerical  analysis. 

Coming  to  the  applied  research,  in  the  case  of  transport  aircraft  it  seemed  that  the  important  place  of  wund- 
tun’V  1  work  was  generally  accepted  the  wind  tunnel  can  contribute  a  great  deal  of  exploratory  information  and 
thus  effect  economies  in  the  subsequel,.  development  task.  More  needs  to  be  done,  however,  on  separating  out  the 
effects  of  Reynolds  number  from  those  of  Mach  number,  and  this  may  well  require  an  increase  in  tunnel  capability 
over  that  currently  available,  at  least  in  Europe. 

Tor  combat  aircraft,  the  respective  roles  of  wind  tui.nei  research  and  flight  testing  of  particular  types  are  less 
clear  Thus  for  example,  according  to  Paper  25  the  stall  angle  of  attack  at  a  given  speed  and  Mach  number  should 
be  defined  as  the  lowest  of  the  angles  for  (a)  the  highest  attainable  load  factor  (normal  to  the  flight  path),  (b)  the 
occurrence  of  uncommanded  pitching,  rolling  or  yawing  motion,  and  )c)  unacceptably  high  buffet  level.  There 
remains  the  question  of  whether  or  not  the  w.nd  tunnel  should  be  used  to  study  all  three  areas  and,  if  so,  how. 

Piper  18  suggests  problems  in  the  case  of  a  long,  thin  fuselage  nose,  which  might  persist  to  full-scale  Reynolds 
.umbers  because  they  are  due  to  shedding  of  a  von  K.irman  vortex  trail,  in  this  context,  French  experiments  on 
cones  at  high  angles  of  attack  are  highly  relevant.  More  work  of  this  kind  should  be  undertaken,  to  study  the 
effect  of  body  shape  on  the  flow  pattern  created,  and  of  the  extent  to  which  a  full-scale  pattern  can  be  simulated 
in  wind-tunnel  experiments  at  lower  Reynolds  nuirber.  As  for  buffet  prediction  methods,  that  given  by  Mr.  Bore, 
for  example,  has  been  shown  to  work  very  well  there  remains  the  question  of  generality,  however,  and  of  the 
conlidence  with  which  such  mettio.is  could  be  used  in  other  cases. 

Whilst  a  complete  slum. , ary  of  the  results  of  the  meeting  was  not  possible  at  this  stage,  the  preparation  of  the 
Technica*  Evaluation  Report  would  explore  the  possibility  of  drawing  out  sp  vific  recommendations  for  future  work. 
As  a  concluding  thought  from  the  meeting  the  Chairman  recalled  a  slide  shovr  in  Paper  25  depicting  the  A7  aircraft 
“on  the  point  of  departure"  and  the  accompanying  comment  that  hete  the  t  1<  t  was  about  to  get  into  real  trouble, 
the  way  out  of  which,  for  that  particular  aircraft,  was  to  release  the  stick  anu  illow  the  aircraft  to  right  itself  No 
pilot,  the  Chairman  suggested,  should  be  required  to  find  that  out  tor  himself  so  long  as  there  was  anything  more 
that  mnild  be  done  by  wind  tunnel  and  otlmr  investigations  to  understand  and  prepare  for  such  a  situation  m 
advance  With  these  -emarks  tl.  Chairim.n  brought  the  proceedings  to  a  close  with  thanks  to  authors  of  papers, 
contributors  of  prepared  comments,  members  of  the  Programme  Committee,  to  the  hosts  of  the  meeting  with  their 
many  and  varied  heiocrs.  and  to  the  excellent  simultaneous  translation  service 

£97 


APPENDIX  C 


A  SELECTION  OF 

AGARD  PUBLICATIONS  IN  RECENT  YEARS 


2S9 


A  SELECTION  OF 

AGARD  PUBLICATIONS  IN  RECENT  YEARS 


CATEGORY  I  -  PUBLISHED  BY  TECHNIVISION  SERVICES  AND 
PURCHASABLE  FROM  BOOKSELLERS  OR  FROM:- 


Technical  Press  Ltd 
112  Westbourne  Grove 
London  W.2 
England 


Hans  Heinrich  Petersen 
Postfach  265 
Borsicler  Chausee  85 
2000  Hamburg  61 
West  Germany 


Circa  Publications  Inc.  Diffusione  Edizioni  Anglo-Americaine 

415  Fifth  Avenue  Via  Lima 

Pelham  00198  Rome 

New  York  10803,  USA  Italy 


1969 

» 

AGARDograph  1 20  Supersonic  turbo-jet  propulsion  systems  and  components 
Edited  by  J.Chauvin,  August  1969. 

1970 

AGARDograph  1 1 5  Wind  effects  on  launch  vehicles 
By  E.D.Geissler.  February  1970. 

AGARDograph  130  Measurement  techniques  in  he3t  transfer 

By  E.R.G. Eckert  and  R.J. Goldstein.  November  1970. 

Conference  New  experimental  techniques  in  propulsion  and  energetics,  research 

Proceedings  38  Edited  by  D. Andrews  and  J.Surugue,  October  1970. 


CATEGORY  II  -  NOT  ON  COMMERCIAL  SALE  -  FOR 
AVAILABILITY  SEE  BACK  COVER 

1965 

Report  514  Hie  production  of  intense  sheai  layers  by  vortex  stretching  and  convection 

By  J.T.Stuart,  May  1965.  (Report  prepared  for  the  AGARD  Specialists’  Meeting 
“Recent  developments  in  boundary  layer  research”.  May  1965.) 

AGARDograph  91  Hie  theory  of  high  speed  guns 
By  A.b.Scigel,  May  1965. 


AGARDograph  97 
(in  four  parts) 


Recent  developments  in  boundary  layer  research 
ACARD  Specialists’  Meeting.  Naples,  May  1965. 


02 


AGARDograph  102 
AGARDograph  103 

1966 

Report  525 
Report  526 

Report  539 

Report  542 

Report  548 

Report  550 

Report  55! 

AGAP  Degraph  109 

AGARDograph  1 1 2 

AGARDograph  1 1 3 

Conference 
Proceedings  4 
(two  parts  and  one 
supplement) 

Conference 
Proceedings  10 

Conference 
Proceedings  12 
(in  two  parts) 

1967 

Report  558 

Advisory  Report  13 

AGARDograph  98 
AGARDograph  1 1 n 


Supersonic  inlets 

By  lone  D.V.Faro,  May  1965. 

Aerodynamics  of  power  plant  installation 

AGARD  Specialists’  Meeting,  Tullahoma.  October  1965. 


The  pitot  probe  in  low-density  hypersonic  flow 
By  S.A.Schaaf,  January  1966. 

Laminar  incompressible  leading  and  trailing  edge  flows  and  the  near  wake  rear  stagnation 
point 

By  Sheldon  Weinbaum,  May  1966. 

Changes  in  the  flow  at  the  base  of  a  bluff  body  due  to  a  disturbance  in  its  wake 
By  R.Hawkins  and  E.G.Trevett,  May  1966. 

Transonic  stability  of  fin  and  drag  stabilized  projectiles 
By  B.Cheers,  May  1966. 

Separated  flows 

(Round  Table  Discussion),  Edited  by  J.J.Ginoux,  May  1966. 

A  new  special  solution  to  the  complete  problem  of  the  internal  ballistics  of  guns 
By  C.K.Thomhill,  1966. 

A  r<!.':;w  of  some  recent  progress  in  understanding  catastrophic  yaw 
Bv  ’.D.Nicolaides,  1966. 

Subsonic  winJ  tunnel  wall  corrections 
By  Gardner,  Acum  and  Maskell,  1966. 

Molecular  beams  for  rarefied  gasdynamic  research 
By  J.B.French,  1966. 

Frecflight  testing  in  high  speed  wind  tunnels 
By  B.Dayman,  Jr,  1966. 

Separated  flows 

Specialists’  Meeting,  Rhode-Saint-Genese  (VKI),  May  1966. 


The  fluid  dynamic  aspects  of  ballistics 
Specialists’  Meeting,  Mulhouse,  September  1966. 

Recent  advances  in  aerothermochemistry 

7th  AGARD  Colloquium  sponsored  by  PEP  and  FDP,  Oslo,  May  1966. 


Experimental  methods  in  wind  tunnels  and  water  tunnels,  with  special  emphasis  on  the 
hot-wire  anemometer 
By  K.Wieghardt  and  J.Kux,  1967. 

Aspects  of  V/STOL  aircraft  development 

(This  report  consists  of  three  papers  presented  during  the  joint  session  of  the  AGARD 
FDP  and  FMP  held  in  Gottingen,  September  1967.) 

Graphical  methods  in  aerothermodynamics 
By  O.Lutz  and  G.Stoffers,  November  1967. 

Behaviour  of  supercritical  nozzles  under  three-dimensional  oscillatory  conditions 
By  L.Crocco  and  W.A.Sirignano,  1967. 
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Facilities  and  techniques  for  aerodynamic  testing  at  transonic  speeds  and  high  Reynolds 
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